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1.1 Introduction 
Life is literally supported by hydrogels. These materials contribute to the mechanical stability 
and strength of tissues and cells, and also aid in the communication between cells and their 
environment.1 Different cell-adhesive moieties allow for direct interactions between the cells 
and the hydrogel network. Additionally, cells respond to the mechanical properties of the 
matrix through reversible or cleavable bonds.2-3  
Many hydrogels consist of crosslinked polymer networks or self-assembled small 
molecules in an aqueous environment. These networks are able to retain water and turn an 
aqueous solution into a material with (visco-)elastic properties. The stiffness of the polymer 
chains strongly affects the network architecture. Flexible polymers usually form crosslinked 
single-polymer networks, which respond linearly to applied stress. The mechanical 
properties of these materials are strongly dependent on the polymer concentration and the 
crosslink density. Semiflexible polymers, on the other hand, often form semiflexible 
hydrogels with fibers composed of multiple polymer chains. These fibrous networks 
typically stiffen when (large) stresses are applied.4-5 Natural biopolymers such as fibrin and 
actin form semiflexible hydrogels that are exceptionally stiff at very low polymer 
concentration. These natural hydrogels, indeed show strain-stiffening behavior, which makes 
them able to withstand severe stresses without breaking.4, 6 Hydrogel architectures that 
follow Nature’s design have proven difficult to copy in synthetic materials. Only a few 
approaches to obtain such architecturally biomimetic hydrogels have been developed.7-8 
Polymers in an aqueous solution need to interact with each other in order to form a 
network. In some cases, inter-polymer interactions are inherently built into the chain, but 
usually the network is formed by crosslinking the chains to form polymer networks in either 
a physical or a covalent manner. The strength and dynamics of a crosslinking bond strongly 
influences the network properties. In general, crosslinking increases the rigidity and 
mechanical stability of the material. The high stability of the abovementioned natural 
hydrogels, for example, is partially attributed to many inter- and intra-fibrous  
crosslinks.4, 9-11  
Actin and fibrin form crosslinked but dynamic networks; the fibers and the crosslinks are 
slowly but continuously polymerized and depolymerized in situ. These processes change the 
architecture of the gels, and therefore their mechanical properties. Many of the workhorse 
synthetic hydrogels, like polyacrylamide and poly(ethylene glycol), however are static 
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networks that remain architecturally unchanged once the polymerization and crosslinking 
reactions have finished. In these materials, mechanical functionality can be introduced in 
different ways, using clever chemistry. Functional moieties, such as stimulus-responsive 
crosslinks or biodegradable groups can for example be used to reversibly or irreversibly 
change the mechanical properties over time, or as a reaction to an external stimulus.  
This thesis discusses synthetic but biomimetic hydrogels where we use functional 
crosslinks to introduce additional functionality. In such materials three components are 
crucial (Figure 1): First of all, the network should have a fibrous architecture of semiflexible 
bundles (Figure 1a), which ensures a biomimetic architecture and consequently a nonlinear 
response to stress. Second, crosslinks are required to provide stability and structural integrity 
in the network (Figure 1b). Thirdly, functionality has to be introduced to the materials, to 
render them responsive to different external stimuli (Figure 1c). The following sections will 
review recent advances of each of the components separately. 
 
 
  
 
Figure 1. Schematic representation of the three main components of a synthetic, biomimetic and functional hydrogel, 
consisting of (a) a fibrous architecture of semiflexible bundles, containing (b) crosslinks to provide stability and 
structural integrity. Thirdly, the network components can (c) respond to a stimulus resulting in a change in mechanical 
properties. 
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1.2 Network architecture 
The network architecture is the first parameter to consider when a biomimetic hydrogel is 
studied. Synthetic hydrogels typically have a densely crosslinked, single polymer network 
(Figure 2a). The reproducibility of this class of gels is high and the mechanical properties are 
readily set by the synthesis conditions. The dense architecture usually results in a high 
stiffness. The networks are considered flexible and the stiffness remains constant until the 
sample breaks at high deformation. Many natural hydrogels, on the contrary have an 
architecture of semiflexible branched polymer bundles (Figure 2b). This fibrous architecture 
yields a non-linear response to stress,4, 12 and while fibrous gels are typically softer than their 
synthetic counterparts, the stiffening response allows them to resist large mechanical forces. 
Natural gels are often difficult to obtain in large quantities with constant batch quality, and 
synthetic alteration without significantly changing the mechanical properties is challenging. 
The following sections discuss several examples of both flexible and semiflexible polymer 
hydrogels and emphasize that architecture is an important aspect in biomimetic hydrogel 
design. 
1.2.1 Flexible hydrogels 
The simplest form of a flexible hydrogel is a crosslinked network of polymers that retains a 
large amount of water. Because most flexible hydrogels are single polymer networks, a high 
polymer content (>3 %) is often necessary to obtain a stable network. The stiffness of such a 
flexible polymer network is described by its storage modulus G’, which can be measured 
using rheology. The storage modulus effectively describes the ratio between the stress and 
 
Figure 2. Schematic representation of (a) a dense flexible network and (b) a porous semiflexible fibrous network. 
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the strain in the material. In an ideal flexible network with simple tetravalent crosslinks, the 
modulus is dependent on the polymer concentration, the temperature and the crosslink 
density:13-15  
𝐺𝐺′ = 𝑐𝑐𝑐𝑐𝑐𝑐
𝑀𝑀𝑐𝑐
  (1) 
where c is the polymer concentration, R is the gas constant, T is the absolute temperature and 
the crosslink density is expressed as molar mass of the molecules between two crosslinks Mc. 
Eq. 1 shows that increasing the crosslink density or the polymer concentration raises G’ of 
the hydrogel. In both approaches, however, a significant decrease in pore size is unavoidable. 
The pore size is of high importance in any 3D biological application, for example in tissue 
engineering, where cell migration and transport of molecules through the matrix are 
essential.16 Whilst dense materials can be useful for 2D cell culture applications, the 
aforementioned processes will be reduced or inhibited when the pore size decreases which 
makes small pore sized hydrogels less suitable as 3D matrix materials.  
Numerous synthetic flexible gels have been investigated for many different applications. 
The gels usually have densely crosslinked single polymer networks, consisting of 
homopolymers such as poly(ethylene glycol) (PEG), poly(acrylamide) (PAAm) and 
poly-N-isopropylacrylamide (PNIPAM). Incorporation of reactive moieties on the polymer 
backbone can provide infinite possibilities for post-functionalization with e.g. bio-adhesive 
molecules, fluorescent dyes or (cleavable) crosslinks. In an effort to combine the material-
specific properties of multiple polymers, double network hydrogels17-18 and filled 
nanocomposite gels19-20 were studied extensively. These hybrid gels have interesting 
characteristics, for example a significantly increased toughness.18 Several designs and 
applications of these types of materials were recently reviewed.21-22 Additionally, semi-
synthetic hybrids that contain both natural and synthetic polymers can also show improved 
material characteristics, including biocompatibility.23-26 Finally, hydrogels based on flexible 
natural polymers are an interesting alternative to fully synthetic materials. These 
biopolymers intrinsically show bio-adhesion and biocompatibility, which circumvents the 
need for additional biofunctionalization required for flexible gels. Examples of biological 
flexible hydrogels include materials based on polysaccharides27 like hyaluronic acid,28-30 
alginates,31-32 dextran,30, 33-34 cellulose30 and gelatin.35 
In a study by Burdick and Anseth, a PEG hydrogel was modified with cell-adhesive 
peptides, and used as encapsulation matrix for osteoblasts.36 Cell attachment and spreading 
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on the surface of the hydrogel could be controlled with peptide density, but because of the 
high polymer density of the gels (>10%), no cell proliferation inside the hydrogel was 
observed. Although 2D cell culture can give important insights into cell behavior, many 
important interactions between cells and their environment cannot be investigated using this 
approach. To simulate a 3D environment, cells were photoencapsulated in these hydrogels, 
but cell viability decreased rapidly when the polymer concentration was increased from 10% 
to 30%. Whilst the hydrogels with the lowest polymer concentration show some promising 
results, it is evident that the high polymer concentration and the resulting small pore size 
have an adverse effect on cell viability and proliferation. 
 
1.2.2 Semiflexible hydrogels 
The architectures of the intra- and extra-cellular matrix (ICM and ECM, respectively), that 
provide cells and surrounding tissue the desired mechanical properties,1-3, 37-38 differ greatly 
from the architecture of most synthetic gels.39 The ECM and ICM are fibrous biopolymer 
networks in which the bundles or fibers contain multiple polymers (Figure 2b).40 Interactions 
between the polymer chains in the bundle greatly enhance the mechanical properties of the 
bundle, which allows for stable gel formation at low polymer concentrations. As a result, 
semiflexible gels typically have large pores. These types of materials have interesting 
mechanical properties, which are directly related to the network architecture.4 The most 
important difference in mechanical properties between semiflexible and flexible hydrogels is 
that fibrous networks typically show strong stiffening behavior when (large) stresses are 
applied.4-5 
In a theoretical model, MacKintosh and coworkers describe the mechanical properties of 
thermally fluctuating networks of semiflexible chains (Eq. 2):41-42 
𝐺𝐺′ = 6𝜌𝜌𝑘𝑘B𝑇𝑇 𝑙𝑙p2𝑙𝑙c3  (2) 
Where ρ is the filament density in length per volume (which scales linearly to the polymer 
concentration c), the persistence length lp describes the length scale over which the fiber 
maintains its orientation and directly quantifies its bending stiffness, lc is the length between 
crosslinks,  kB is the Boltzmann constant and T is the absolute temperature. From equation 2 
can be derived that analogous to flexible networks, the modulus increases with increasing 
concentration. The semiflexible chain model predicts G’~c2.2, which has been found 
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experimentally for different polymer networks. Additionally, the network stiffness is 
strongly affected by the persistence length lp of bundles, which in turn depends on the 
number of polymers in a bundle and intra-fibrous interactions between polymer chains.40  
The strain-stiffening behavior of fibrous gels is a result of entropic stretching of polymers 
or bundles, after they are fully extended. In flexible networks the persistence length lp is much 
smaller than lc. Very large strains are therefore necessary to remove all the loops and knots, 
fully stretch the polymers and reach the strain-stiffening regime. Most of these flexible 
hydrogels break before the stiffening regime is reached. The persistence length of a 
semiflexible polymer bundle, on the contrary, is in the same order of magnitude as lc.43 This 
property prevents semiflexible bundles from forming loops, but still allows flexibility for 
thermal bending fluctuations.38 The model behind equation 2 assumes affine deformation of 
a homogeneous network, which means that the network deformation results in entropic 
stretching of individual bundles.42 This entropic stretching results in strong stiffening 
behavior by the network in response to an applied force beyond a critical stress value σc.44 
This critical stress depends on the same parameters as G’ and can be described as follows: 
𝜎𝜎c = 𝜌𝜌𝑘𝑘B𝑇𝑇 𝑙𝑙p𝑙𝑙c2 (3) 
Since the critical stress is defined as the onset of the non-linear regime, it can be considered 
as the sensitivity of a material towards stress.7 Because of the high persistence length of 
polymer bundles, fully stretching the semiflexible network components can be achieved 
upon application of relatively small strains, well before the material breaks. Additionally, the 
strain-stiffening regime for these materials usually falls well within the estimated biological 
relevant stress-regime, which is defined by the forces that cells can apply to their matrix.45  
The stiffness of a strain-stiffening hydrogel is usually described by the derivative of the 
stress-strain curve, the differential modulus K’ = ∂σ/∂γ. This modulus gives a more accurate 
description of the stiffness under stress. When K’ is plotted against the applied stress, two 
regimes are observed (Figure 3): a low-stress linear regime where the differential modulus is 
constant and a high-stress regime where the stress rapidly increases with stress and K’ 
increases nonlinearly. The differential modulus can be described using three mechanical 
parameters:7, 46 
 
(4) 
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The mechanical properties of the hydrogel are now described by three parameters: The 
storage modulus G’ quantifies the stiffness of the material in the low-stress regime, the critical 
stress σc is the threshold for the stiffening regime and the stiffening index m quantifies the 
stress-dependent increase in stiffness in the nonlinear regime. The parameter m has a 
theoretical upper limit of m = 3/2, which is associated to the enthalpic stretching of a polymer 
chain along its length.4, 7 
Fibrin, one of the main structural proteins in blood clots, is an example of such a natural 
fibrous hydrogel.4, 47 Fibrin gels are formed upon vascular injury, and the fibrous architecture 
and associated strain-stiffening behavior of this material allows it to withstand severe 
stresses. The hierarchical structure of fibrin makes it even more resilient, since intra-bundular 
sacrificial crosslinks can (irreversibly) break at high stresses to dissipate energy,4 which is 
discussed further in section 1.3.1 and in Chapter 5. At ultra-high strains, the inter-fibrous 
crosslinks do not contribute anymore and the gel response is governed by single fiber 
mechanics that are intrinsically nonlinear.4 Other biological gels, such as collagen and 
intermediate filaments have similar architectures and show comparable mechanical 
behavior.4, 38, 48 
Figure 3. a) Stress-strain curves of hydrogels based on a network of semi-flexible fibers (black line) and flexible polymer 
chains (red line). The semiflexible hydrogel displays a nonlinear increase in stress with increasing strain and the 
stiffness is represented by the differential modulus K′, which is the derivative of the stress-strain curve. For flexible 
polymer gels, the stress increases linearly with the strain and therefore K′ is equal to the elastic modulus G′. b) The 
moduli of the flexible and semiflexible hydrogels represented by K′ as a function of the applied stress σ. The mechanical 
response of semi-flexible hydrogels displays a linear regime at low stress where K′ is constant and a nonlinear regime 
at higher stress where K′ increases with stress. For flexible polymer gels, K′ is constant. Figure reprinted with 
permission from reference [7]. 
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The most abundant cytoskeletal protein, fibrous actin (or F-actin), forms a fibrous network 
of semiflexible bundles with a diameter of roughly 7 nm, a persistence length of about 17 µm, 
and Lc can reach up to 20 µm.6, 49 The bundles are crosslinked by various actin-binding 
proteins.6, 50 The mechanical properties of this cytoskeletal network are of high importance 
for force generation and transmission in living cells.6 At low crosslink density the stress 
response is dominated by bending of the individual filaments, and is therefore comparable 
to a flexible gel.43 At higher crosslink densities, however, the material shows a strong increase 
in stiffness when the load is increased.6, 38, 47  
 
1.2.3 Synthetic semiflexible hydrogels 
Since the architecture of semiflexible polymer fibers has a significant impact on the porosity 
and on the mechanical properties of these materials, it is an important aspect to mimic in a 
synthetic biomimetic hydrogel. Only few synthetic strain-stiffening materials, however have 
been developed over the years. In very recent work, Fernandez-Castano Romera and 
coworkers reported a fully synthetic strain-stiffening hydrogel that is based on the self-
assembly and subsequent covalent fixation of so-called bola-amphiphiles.51 These materials 
are built up from semi-flexible rodlike micelles of bisurea block-copolymers with oligo-
ethylene glycol end-blocks and a polydiacetylene mid-block. The diacetylene moieties were 
covalently fixated using a topochemical polymerization,52 yielding ribbon-like polymer 
chains which aggregate in rodlike micelles containing 9-10 ribbons.51 The hydrophilic end-
blocks were terminated with either azides or acetylenes, which were covalently linked using 
Cu-catalyzed click chemistry. Although the micelles themselves do not form a network, the 
inter-micelle crosslinking process induces hydrogel formation. The persistence length of a 
rodlike micelle was long enough for the material to show strain-stiffening behavior and at 
low polymer concentrations (c < 15 mg mL-1) the critical stress lies within the biologically 
accessible regime.45 
In a second example, Erk and coworkers developed a material based on triblock 
copolymers, in which the mid-block consists of hydrophilic poly(methacrylic acid) (PMAA) 
polymers, and the end-blocks consist of hydrophobic poly(methyl methacrylate) (PMMA) 
polymers.53 The network formed by these polymers showed a stiffening response which was 
attributed to the entropic stretching of the mid-block.54 As the network was deformed further, 
the polymers were extended to their maximum length and then the material stiffens strongly 
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with increased stress. The necessary high polymer concentration (>10 vol.-%) and the 
resulting high modulus and critical stress, however, make this material less suitable for 
biological applications. 
Recently, a strain-stiffening hydrogel based on a mixture of two flexible polymers was 
reported.55 A mixture of poly(ethylene glycol) with two aldehyde functional groups and 
branched poly(ethyleneimine) rapidly forms a gel through Schiff-base formation. This gel 
was shown to respond nonlinearly to applied stress with a stiffening index m = 1, and at the 
appropriate concentrations (3 wt.-%) the critical stress lies within the theoretical biologically 
relevant regime. The modulus and critical stress could be tailored by changing the polymer 
concentration, and a two-fold increase in concentration resulted in a significant modulus 
increase of 3 orders of magnitude. Furthermore, the material fully self-heals after rupture, a 
property that was attributed to the reversibility of Schiff-base formation. The authors solely 
reported the mechanical properties of this material, and did not investigate the network 
architecture. Although the mechanical behavior is indeed comparable to that of biological 
gels, the architecture and porosity of this synthetic material will probably be very different. 
The last example of a fully synthetic, strain-stiffening hydrogel is based on semiflexible 
oligo-ethylene glycol-decorated polyisocyanide (PIC) polymers.56-58 These relatively stiff 
polymers consist of a 41 helical backbone, which is stabilized by hydrogen bonds between the 
alanine substituents on side chains n and n+4.59 Because of the helical backbone, the 
persistence length of these polymers is significantly larger than other synthetic polymers.60 
Further functionalization of the alanine moieties with an oligo-ethylene glycol tail introduces 
water solubility and thermoresponsive behavior.58 Above their lower critical solution 
temperature (LCST) the polymers separate from the solution, aggregate in to fibers and form 
a branched network. The bundle size of this network is independent of the polymer 
concentration.61 Because of the fibrous architecture, PIC hydrogels show strain-stiffening 
behavior, and the critical stress lies well within the biologically relevant regime.45 The 
mechanical properties and the architecture of this material are strongly biomimetic, and can 
be tuned by changing the concentration, polymer characteristics and conditions like 
temperature and the ionic strength of the solution.46, 61-62 Additionally, when decorated with 
biofunctional peptides, PIC gels and polymers show potential in regenerative medicine63 and 
immunology applications.64-65 
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1.3 Crosslinks 
Crosslinks provide rigidity and stability to hydrogels. There are many different crosslinking 
agents available, which utilize a range of chemical reactions and interactions. The type of 
crosslink strongly determines the viscoelastic properties of the hydrogel. Covalent crosslinks 
promote elastic properties, and non-covalent or physical crosslinks allow for a viscous 
response with crossover frequencies that depend on the strength and kinetics of the 
crosslinking bond. An interesting class of crosslinks, dynamic covalent crosslinks, combines 
the advantages of both. We will introduce all three types of crosslinks and their characteristics 
below. 
 
1.3.1 Covalent crosslinks 
In many crosslinked networks, the polymer chains are covalently linked by a crosslinking 
agent. Such covalently crosslinked networks are often very stable and static, i.e. the properties 
do not change in time or under deformation. The nature of the crosslinker itself, whether it is 
compliant or non-compliant, also influences its effect on the mechanical properties of the 
network.66 The benefits of incorporating covalent crosslinks in a hydrogel include an increase 
in stability and stiffness without making the material much more complex. Increasing the 
crosslinker concentration decreases the pore size of the network. Eq. 1 shows that 
consequently the stiffness increases for ideal flexible networks. In addition, the increased 
crosslink density often reduces the toughness of the material.  
The effect of crosslinks in semiflexible gels is much more complex due to the fibrous 
architecture of the network.67 The crosslinks in fibrous networks can form inside or between 
bundles, each of which results in a different network with specific mechanical properties. 
Interbundular crosslinks, besides changing the macroscopic stiffness, also affect the network 
architecture, but they do not significantly affect the persistence length of the fibers. 
Intrabundular crosslinks, on the contrary, are expected to increase the stiffness of individual 
bundles by increasing the coupling strength between polymers inside the bundle. This 
increase in individual bundle stiffness effectively raises lp of the fibers and thus the 
macroscopic stiffness without changing the architecture significantly. 
Crosslinked actin networks are important components in Nature, as the cytoskeleton of 
eukaryotic cells is mainly based on such structures.6, 47 This semiflexible network is the main 
source of the mechanical rigidity of the cell. Fibrous actin (F-actin) is a linear aggregate of 
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proteins that are crosslinked by several different actin binding proteins (ABPs), to form a 
densely crosslinked semiflexible network. The importance of ABPs on actin networks is 
significant, and the absence of only one type of ABP typically changes the organization or the 
thickness of the bundles, and such mutation may result in diseases.40 The average distance 
between crosslinks in actin networks can be as low as 0.1 µm, which is much shorter than lp 
or contour length Lc of the fibers.67 
The different types of ABPs present in actin networks direct bundle and network 
formation.40, 68 Every type of ABP has one or several specific function(s), and actin network 
formation is a hierarchical process in which each function is important. For example the 
development of Drosophila bristles and hairs, that consist of bundled actin filaments, depends 
on two crosslinker proteins: Forked proteins and fascin.69 The bristle formation is a sequential 
process, in which the actin fibers are first assembled and pre-aligned by the forked proteins. 
Next, the forked proteins direct fascin entry into the bundles, and fascin crosslinks the actin 
filaments into straight, rigid fibers. If the ratio between the ABPs is changed, the bristles do 
not form correctly: An excess of forked proteins results in complete bundle aggregation, and 
total absence of fascin results in twisted, poorly ordered filaments.69 These and several other 
extensive studies into the role of ABPs in F-actin networks have been reviewed earlier.70 
Another well-studied example of a semiflexible natural hydrogel is fibrin, which is an 
important component of the extracellular matrix and is involved in blood clot formation and 
wound healing. The bundle formation in fibrin hydrogels is promoted by crosslinking 
protofibril chains.2, 4, 9-11 Formation of these networks is mediated by the enzyme thrombin, 
which cleaves capping fibrinopeptides from the fibrinogen, resulting in fibrin monomers. 
These monomers then rapidly polymerize to form 45 nm long semiflexible fibrin polypeptide 
chains, which entangle into a branched, bundled network.11 These networks are crosslinked 
by enzyme factor XIII which creates covalent peptide bonds between the fibrin chains. 
Theoretical models show that the flexible peptide crosslinks in the fibrin networks introduce 
a hierarchy of elastic regimes in the network (Figure 4). Additionally, the crosslinks can break 
irreversibly, which allows the material to dissipate stress and makes crosslinked fibrin 
networks uncommonly resilient to large deformations.4  Increasing the crosslinker 
concentration in this bundled hydrogel increases the entropic response to stress: the linear 
elastic modulus (Figure 4, regime 1). Contrarily, the enthalpic elastic response to (much) 
higher stress, the stretching of polymer bundles, remains unchanged (Figure 4, regimes 3-5).5 
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This research clearly illustrates that crosslinks in bundled hydrogels have a large, but very 
different influence on the mechanical response than it does for flexible materials.  
Efforts have been made to crosslink PIC hydrogels (section 1.2.3).71-72 Deshpande and 
coworkers were able to form a network below the PIC gelation temperature by introducing 
crosslinks based on DNA. By functionalizing the polymers with single-stranded DNA 
(ssDNA), and subsequently adding a complementary ssDNA strand, a network with an 
architecture similar to the LCST-induced network was formed. The DNA-strands could 
subsequently be covalently connected, resulting in a stabilized PIC network. Furthermore, 
the authors were able to control the mechanical response to stress by varying the crosslink 
density. In Chapter 2 of this thesis another approach towards covalently crosslinked PIC 
hydrogels is described. 
 
  
 
Figure 4. The stiffening response of a fibrin hydrogel is hierarchical. The top images schematically demonstrate which 
component is loaded with increasing stress. Different levels of stress induce specific elastic regions. Regions 1 and 2 
reflect removing the thermal fluctuations of the network. Regions 3 and 4 demonstrate the stretching of the fibrin fibers 
until the network breaks (regime 5). Figure reprinted with permission from reference [4]. Copyright 2010 Biophysical 
Society. Published by Elsevier Inc. 
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1.3.2 Physical crosslinks 
As an alternative to covalent bonds, non-covalent interactions can be utilized to crosslink 
hydrogels. The introduction of this weaker and reversible bond results in different 
mechanical properties compared to covalently crosslinked networks. The extent of these 
differences strongly depends on the strength and relaxation time of the non-covalent bonds. 
Overall, the mechanical stability and stiffness of the gel increase less than for covalent 
crosslinks. Similar levels of stability and modulus require increased crosslink densities. 
Non-covalently crosslinked hydrogels are often able to dissipate stress, by breaking and 
re-forming the crosslinks. The reversibility of the non-covalent bond also introduces 
viscoelasticity and, in some cases, (enhanced) self-healing properties.44 In Nature, this 
behavior is very common, as many biological gels are viscoelastic. Additionally, recent work 
suggests that the relaxation time of viscoelastic gels has a significant effect on cell 
differentiation.73 Methods for physically crosslinking hydrogels include for example metal-
ligand coordination chemistry,74-75 host-guest chemistry,76-77 and intermolecular 
communication like ion-ion interactions78 or hydrogen bonds.79 
An example of a flexible, physically crosslinked hydrogel based on a natural material is 
alginate. This material, which is obtained from brown seaweed, consists of linear copolymers 
with blocks of (1-4)-linked β-D-mannuronate (M) and α-L-guluronate (G).31 Alginate is of 
interest for biological applications due to its biocompatibility and low toxicity. The polymers 
are physically crosslinked by bivalent cations, such as Ca2+, which are complexed by the 
guluronate components. The physical properties of alginate gels can be tailored by polymer- 
and ion concentrations, and by the ratio between the G and M moieties. 
Ijima and coworkers prepared spherical alginate hydrogels with different M/G ratios by 
immersing the corresponding sodium alginate in a CaCl2 solution.80 Gels with ratio  
M/G = 0.88 show an increasing modulus E’ within the first five minutes of immersion, after 
which a plateau is reached, which implies that the substitution of sodium ions with calcium 
ions is complete and the network is fully crosslinked. Alginate gels with a ratio M/G = 0.21 
showed a higher modulus. Clearly the modulus is directly related to the fraction of Ca2+ ions 
incorporated in the network. The higher amount of guluronate moieties results in a more 
densely crosslinked and stiffer gel. 
The non-covalent crosslinks make alginate hydrogels inherently viscoelastic, and the 
crosslink density can easily be regulated by for example adding competing ligands or  
Functional Crosslinks in Biological and Synthetic Hydrogels | 23 
 
ions.31, 78 In research by Suggs et al., alginate gel formation was triggered by near infra-red 
(NIR) light.  They used calcium ions or a chelating ligand (diethylenetriaminepentaacetic 
acid, DTPA), encapsulated together with gold nanorods inside liposomes, which were added 
to the alginate solution. Illuminating the material with NIR induces local heating by the gold 
nanorods, allowing the entrapped calcium ions or DTPA to permeate the liposome 
membrane. The released ions or chelating ligands then respectively crosslink or de-crosslink 
the alginate network, resulting in a significant increase or decrease in material stiffness.81 This 
work is an example of on-demand engineering of mechanical properties with excellent spatial 
control. 
The benefits of covalent and non-covalent crosslinking strategies can sometimes be 
combined, for example by mixing a covalently crosslinked PAAm network with an ionically 
crosslinked alginate hydrogel.82 These two networks were covalently interconnected by 
amide bonds between the different polymer chains. When the resulting composite is 
stretched, the PAAm network remains intact while the ionic crosslinks of the alginate 
hydrogels are able to dissipate energy by breaking. These hybrid hydrogels could be 
stretched to more than 20 times their original length without breaking.1, 82 By using alginates 
with different block chain lengths, the physical properties of the gels could be tuned, which 
allowed for the preparation of a material with both a high stiffness and a high toughness.25 
A different method to achieve physical crosslinking employs supramolecular host-guest 
chemistry. Host molecules such as cucurbituril (Figure 5)29, 83-84 or cyclodextrin76-77 have been 
exploited as a useful moieties in non-covalent chemistry for biocompatible hydrogels, with 
negligible cytotoxicity.83, 85 Polymers functionalized with these molecules, mixed with either 
bi- or multivalent guest-crosslinkers or with polymers functionalized with compatible guests, 
can yield supramolecularly crosslinked hydrogels (Figure 5).29, 84 Because the gel formation 
originates from reversible supramolecular interactions, these physically crosslinked 
hydrogels are intrinsically self-healing. This property makes them useful in biomedical 
applications, as they can be injected as liquids and form a gel, for example with encapsulated 
drugs, in situ.39, 77, 83 In Chapter 6 of this thesis, crosslinking PIC networks using host-guest 
chemistry is discussed. Although physical crosslinking methods provide important 
approaches to realize dynamic and responsive materials, current research is primarily 
focused on covalently crosslinking flexible hydrogels. 
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1.3.3 Dynamic covalent crosslinks 
Interestingly, a third class of crosslinks is developing, in which the dynamics of non-
covalent strategies are combined with the stability of the covalent approach. When 
biodegradability is desired in a hydrogel, for example when the material is used as cell 
culture medium, an important drawback is the deterioration of mechanical properties over 
time which eventually leads to disappearance of the hydrogel. This is undesirable in tissue 
engineering applications, especially when the network should remain stable over a longer 
time. To improve the stability of the networks, while maintaining dynamicity in the material, 
new approaches have been developed where dynamic covalent chemistry is utilized  
(Figure 6).  
An important advantage of dynamically crosslinked hydrogels, especially when they are 
applied as cell culture media, is that cells can be able to migrate and proliferate whilst re-
forming the material without permanently changing its macroscopic mechanical properties. 
A disadvantage of dynamic covalent crosslinking is that the time-scales at which the dynamic 
covalent bonds break and form have to be matched with those of the cell actions. This 
requires extensive studies into cell dynamics and into the kinetics of hydrogel formation and 
rearrangement, which makes the application of this crosslinking method inherently 
complex.86 Different approaches, utilizing dynamic chemistry like reversible covalent bonds 
and high binding constant host-guest chemistries, were recently reviewed.86 
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Figure 5. Example of a physically crosslinked hydrogel using supramolecular host-guest chemistry. The hydrogel 
consists of methacrylate-bearing polysaccharides hyaluronic acid, carboxymethyl cellulose, hydroxyethyl cellulose or 
guar, functionalized with the dipeptide Phe-Cys. The phenyl groups of pendant phenyl-alanine residues are bound in 
a 2:1 fashion by host-molecule cucurbit[8]uril (CB[8]), effectively crosslinking the hydrogel. Figure adapted with 
permission from reference [84]. Copyright 2015 American Chemical Society. 
 
Figure 6. Schematic representation of a cell in a) a biodegradable hydrogel, which is permanently altered by the 
proliferating cell, and in b) a dynamic covalent crosslinked hydrogel, in which the crosslinks are re-formed after the 
cell has passed. Figure adapted with permission from reference [86]. Copyright 2015 Wiley. 
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1.4 Functionality 
The final aspect of hydrogels that we will discuss is the introduction of functional groups, 
which is always directly related to its application. We will briefly mention a very important 
class of frequently introduced functional groups; biomolecules, before we discuss 
mechanically active functional groups in much more detail. 
 
1.4.1 Biological functionality 
In Nature, the intra- and extra-cellular matrices contain a many cell-adhesive moieties, 
usually consisting of (oligo)peptides. An important function of these moieties is to aid in 
inter-cellular communication by permitting or inhibiting cell-matrix interactions. This 
biological functionality can be introduced to synthetic polymers networks by decorating 
them with bioactive ligands.44, 87 For example, Benoit and coworkers demonstrated that 
mesenchymal stem cell differentiation can be controlled by functionalizing a PEG hydrogel 
with small organic molecules.87 In another example, alginate (see paragraph 1.3.2) was 
chemically modified with cell-adhesive peptides, e.g. arginine-glycine-aspartic acid (RGD),88 
which allowed mammalian cells to adhere to the alginate polymers, and turned these 
synthetic gels into suitable cell culture substrates.31 Biofunctionalization is crucial for many 
biomedical applications, including wound healing and tissue engineering. Several 
approaches have been reviewed recently.89-90 
 
1.4.2 Mechanical functionality 
In the following paragraphs, we will focus on mechanical functionality, which is the ability 
to reversibly or irreversibly change the (local) mechanical properties of a material over time. 
Most approaches follow the same protocol, i.e. the increase or decrease in the crosslink 
density or concentration of active chains in the network. Researchers have developed many 
different approaches that employ external stimuli to precisely control the mechanical 
properties, temporally, spatially, or both. Of course, some gels also (slowly) degrade over 
time. An example of such a degrading hydrogel is alginate that slowly oxidizes, which 
inhibits crosslinking.91 The degradation rate of these gels can be controlled by regulating the 
pH and temperature of the media, as well as on the degree of oxidation. A commonly found 
mechanism is biodegradation, in which enzymes (partly) degrade the network. Many 
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examples of such (bio)degradable networks are known in literature, and several approaches 
towards time-dependent degradation of hydrogels have been reviewed recently.44, 92-93 
More controlled mechanisms for the manipulation of networks use external stimuli. The 
major advantage of a stimulus-controlled change in mechanical properties is that such 
stimulus can often be controlled in time and/or space. Examples of such stimuli are light,94 
temperature28, 71 and pH.72 In the sections below, we discuss several common types of 
mechanical functionality, focusing on time- or stimulus-regulated change in mechanical 
properties of polymer hydrogels. 
 
1.4.2.1 Biodegradable hydrogels 
The mechanical properties of biodegradable hydrogels can be changed in an aqueous 
environment. A straightforward approach was demonstrated by Metters and coworkers,95 
who showed that the introduction of partially poly(lactic acid) or poly(glycolic acid) 
copolymers in a non-degradable poly(ethylene glycol) hydrogel causes partial degradation. 
The degradation rate of such a hydrogel is strongly coupled to the microstructure of the 
polymer network. By altering the polymerization conditions of the network, the network 
structure could be tailored and the macroscopic properties and the degradation behavior of 
these materials were optimized. The network degradation in these gels is homogeneous and 
not spatially controlled. The mechanical properties of such materials simply deteriorate over 
time. As an alternative approach, hydrogel degradation can be triggered by biological 
processes involving enzymes. This approach allows for optimization of degradation 
behavior, and introduces local control over the network degradation. Hydrogels can be made 
enzyme-responsive by incorporation of specific enzyme-cleavable substrates. Typically, 
proteases are used, which can be tuned to a specific peptide fragment. This approach requires 
that these substrates need to be accessible to the enzymes. Additionally, it is important that 
the enzyme-substrate reactions have to result in a change in mechanical properties of the 
material,96 i.e. cleave crosslinks or mechanically active polymer chains.  
In 1999, West and Hubbell reported the first example of enzyme-degradable hydrogels.97 
They incorporated peptide substrates in poly(ethylene glycol) diacrylate networks, that were 
recognized and cleaved by matrix metalloprotease MMP-1, a protease which is localized near 
cell surfaces. Their crosslinked hydrogels fully degraded using this enzyme in 150 hours. 
Continuing on their work, Patterson and Hubbell crosslinked PEG hydrogels with several 
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different peptide sequences which can be hydrolyzed by metalloproteases MMP-1 or 
MMP-2.98 These peptide-crosslinked hydrogels degraded faster when exposed to the 
appropriate enzyme, and the peptide cleavage led to increased cell spreading and invasion 
in vitro. The degradability of these crosslinked hydrogels was tuned by choosing peptide 
sequences with higher or lower cleaving rates. Lutolf and coworkers developed similar 
enzyme-degradable flexible hydrogels and investigated their applications.3, 99 These and 
other approaches towards enzyme-cleavable flexible hydrogels have been reviewed 
recently.96 In Chapter 3 we describe the mechanics of a MMP-1 responsive PIC hydrogel is 
described. 
 
1.4.2.2 Photoresponsive hydrogels 
The introduction of photoresponsive moieties in the polymer backbone or as crosslinkers can 
render hydrogels photoresponsive. Important advantages of using light to induce changes in 
a polymer network is the spatial and temporal control over this stimulus, and its 
biocompatibility, particularly at higher wavelengths. Photosensitive hydrogels have many 
applications in for example tissue engineering, since light is a non-invasive stimulus which 
can be controlled very accurately. 
Photoactive compounds can be utilized to introduce on-demand degradation of the 
material. Azagarsamy and coworkers prepared a simple covalently crosslinked hydrogel by 
mixing a 4-arm starPEG equipped with an azide-containing coumarin, and a 4-arm starPEG 
with alkyne moieties.100 Copper-catalyzed azide-alkyne click chemistry was utilized to 
crosslink the polymers into a network. Upon irradiation with 365 or 405 nm light, the 
coumarin moiety was cleaved and the network was degraded. Additionally, degradation was 
observed after irradiation at the more biocompatible 810 nm, using two-photon absorption.100  
Another commonly used photocleavable group in photoresponsive hydrogels is the 
ortho-nitrobenzene group (oNB).101-102 This molecule is cleaved upon exposure to UV-light, 
and biocompatibility is retained after degradation as both the ortho-nitrobenzene group as its 
cleaving products are non-toxic. Full degradation of a crosslinked PEG gel with incorporated 
oNB groups was achieved after 10 minutes irradiation with UV light. By utilizing 
photopatterning, interconnected channels could be created in crosslinked hydrogels.103 The 
degradation rate of ortho-nitrobenzenes can be controlled by altering the aryl ethers on the 
moiety and by changing the substitution pattern at the benzylic site (Figure 7).104 This 
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property was exploited by Griffin and Kasko, who showed that by using several different 
ortho-nitrobenzenes in a PEG hydrogel, encapsulated cells could selectively be released from 
the material.105 Also, multistaged delivery of different cells was proven to be possible using 
this technique. 
Localized delivery of bioactive molecules in living systems can be achieved by using 
hydrogels that degrade upon irradiation with low-energy light. Flexible polyacrylamide gels 
were crosslinked with a crosslinker bearing a bromohydroxycoumarin (Bhc) photocage 
(Figure 8),94 which was excited and cleaved upon exposure to ultraviolet or near-infrared 
light (two-photon absorption). By making use of ornithine lactamization, the crosslinks were 
cleaved and the hydrogel fully degraded over time. Proteins, iron oxide nanoparticles or 
mMSC-GFP cells, which were encapsulated in the degradable hydrogels were released over 
a time period of 20 hours.94  
So far we discussed approaches that used light to degrade a hydrogel, but light can also 
be utilized to induce crosslinking and improve the mechanical properties of the material. 
Many flexible hydrogels can for example be formed using photoactivated crosslinking 
reactions to initiate network formation.106 Photoreversible reactions can also be used to 
change the network properties in situ. For example, 7-hydroxycoumarin reversibly dimerizes 
when exposed to UV-light.107 This property can be exploited to reversibly crosslink 
hydrogels, for example to induce a macroscopic shape change by irradiating with light.93 
High coumarin concentrations, however are necessary to achieve efficient dimerization, 
which makes this approach less suitable for application in dilute materials. 
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Figure 7. a) Different ortho-nitrobenzene moieties tested for cleavage speed upon irradiation with UV-light.  
b)  Mechanical properties of hydrogels formed from macromers containing oNB-moieties A-E, depicted as the relative 
decrease in the elastic portion of the shear modulus. c) Linkage of an oNB-moiety in a PEG backbone. Figure adapted 
with permission from reference [105]. Copyright 2012 American Chemical Society. 
 
Figure 8. Schematic representation of a bromo-hydroxycoumarin based photocleavable hydrogel with encapsulated 
BSA and mMSC cells. Figure reprinted with permission from reference [94]. Copyright 2015 American Chemical 
Society. 
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1.4.2.3 Thermoresponsive hydrogels 
All hydrogels are fundamentally weakly thermoresponsive. Gels stiffen about 20% over 60 °C 
due to increased thermal fluctuations of the chains of fibers. The modulus of these materials, 
G’, is dependent on temperature (Eqs. 1 and 2). Besides this temperature dependence, 
biological gels typically become softer when heated, since the enthalpic interactions between 
the polymer chains become weaker when the temperature increases. In addition to these 
fundamental effects, there are many thermoresponsive (synthetic) gels that show a phase 
transition in water, such as upper or lower critical solution temperature behavior (UCST or 
LCST, respectively, Figure 9). Solutions of such thermoresponsive polymers show a sudden 
switch from a homogeneous solution state to a precipitated or gel state. Thermoresponsive 
hydrogels can be used for biomedical applications, as the difference between body 
temperature and room temperature can be used to trigger the transition.108 A well-known 
example of a biological UCST polymer is gelatin, the denatured form of collagen fibrils.109 
Cooling an aqueous solution of gelatin polymers below the UCST results in hydrogel 
formation caused by the transition from a random coil to a triple helix conformation.110 This 
transition is reversible, since the polymers redissolve when the temperature is increased 
above the UCST. 
In Nature, LCST behavior is relatively rare, but there are many synthetic polymers that do 
show LCST behavior; some have been applied as thermoresponsive hydrogels. A well-
studied class of thermoresponsive polymers are based on alkyl-substituted acrylamides such 
 
Figure 9. Schematic representation of the mechanical properties of a thermoresponsive hydrogel with an (a) UCST and 
a (b) LCST. 
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as N-ethylacrylamide (NEAM), N-propylacrylamide (NPAM) and N-isopropylacrylamide 
(NIPAM). The alkyl substituent regulates the transition temperature.111 Specifically 
poly(N-isopropylacrylamide), also known as PNIPAM has been thoroughly investigated 
over the years.112 In water, the conformation of these polymers reversibly changes from an 
extended coil to a globular structure upon heating across the LCST.112 The polymer LCST can 
be altered through the addition of ions to the solution,113 or through copolymerization with 
other monomers.114 An aqueous solution of PNIPAM forms a hydrogel when crosslinked 
with for example N,N’-methylene-bis-acrylamide. Such gel undergoes a fully reversible 
phase transition from a swollen hydrated gel to a dehydrated state when heated above its 
LCST at 32 °C.115 The dehydration response results in a large volumetric and morphological 
change at the LCST, which can for example be utilized for temperature-triggered drug 
release.116 
A thermoresponsive tissue engineering scaffold based on PNIPAM was developed by 
Galperin and coworkers.117 The NIPAM monomer was photocopolymerized with 
2-methylene-1,3-dioxepane and polycaprolactone dimethacrylate to obtain a porous 
hydrogel. The pore size of this hydrogel, initially controlled using sphere-templating, was 
tunable by temperature, since the pore diameter decreased significantly on heating above 
32 °C. Cells were entrapped in the scaffold by loading them at low temperature, and 
subsequently heating the scaffold above the LCST. The hydrogel was shown to be fully 
biodegradable through hydrolysis of the esters, and both the hydrogel and the degradation 
products were not cytotoxic. The thermoresponsive pore diameter and biodegradability 
make these specific PNIPAM-based scaffolds attractive for tissue engineering applications.  
A second type of thermoresponsive polymers that can be applied in hydrogels is based on 
(co)polymers of PEG, or on polymers grafted with oligo(ethylene glycol) side  
chains.7, 57-58, 118-119 The properties and (biomedical) applications of these PEG based hydrogels 
have been reviewed earlier.120 A relatively new example of such a polymer is the PIC (see 
paragraph 1.2.3). Below their transition temperatures, the PIC polymers are hydrated by the 
aqueous solvent and form a homogeneous solution. When an aqueous solution of PIC  
(0.006 wt% < c < 0.5 wt%) is heated above its LCST, the ethylene glycol chains undergo 
entropic desolvation with an increase in hydrophobicity of the polymers as its result. They 
then aggregate into a branched fibrous network. The gelation temperature Tgel depends on 
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the length of the ethylene glycol side chains and the ionic strength of the solution, and cooling 
the gel below Tgel results in redissolution of the polymers.58, 62 
In the DNA-crosslinked PIC hydrogel,71 introduced in paragraph 1.3.1, two opposing 
temperature effects are present. The first effect is the aforementioned thermoresponsive 
gelation of the PIC polymers, and the second effect involves melting of the DNA-based 
crosslinks when the temperature was increased even further. Below the LCST, a hydrogel 
remained, because of the presence of DNA crosslinks. Above the DNA melting temperature, 
the material underwent a transition from a DNA-crosslinked material to a PIC-bundled 
hydrogel, which led to a reversible decrease in modulus. By using different DNA 
crosslinkers, the second transition temperature of this hydrogel was tuned.  
 
1.4.2.4 pH-responsive hydrogels 
Next to the aforementioned stimuli, several polymers and polymeric materials are known to 
respond to a change in the pH of the solution. This type of functionality could be very useful 
for the oral delivery of drugs, for example, since significant pH changes occur in the 
gastrointestinal tract. All pH-responsive polymers have either pendant basic (e.g. tertiary 
amines) or acidic (e.g. ammonium salts, and carboxylic or sulfonic acids) moieties, which are 
able to donate or accept protons from the solution.121-122 The pendant groups can ionize, 
resulting in permanent charges on the polymer network, which result in repulsive 
electrostatic forces that cause pH-dependent swelling or shrinking of the hydrogel.123 Some 
well-studied examples of pH-responsive polymers are PAAm, PMAA and poly(acrylic acid) 
(PAAc). These and several other pH-responsive materials and their biomedical applications 
have been reviewed earlier.122 
Preparing stiff and stable hydrogel networks of solely pH-responsive polymers has 
proven to be difficult, a direct result of the inherently high water-solubility of the 
homopolymers.124 To overcome this difficulty, pH-responsive polymers are often 
copolymerized with other monomers and subsequently crosslinked to form dense polymer 
networks. Copolymerization also provides the opportunity to prepare dual-responsive 
materials that can respond to changes in e.g. temperature and solution pH. Graft copolymers 
of PAAc and PNIPAM, for example, have been shown to respond relatively rapidly to 
different external stimuli.125 Also, straightforward copolymerization of both monomers also 
yields thermo- and pH-responsive gels.126-127 These hydrogels did not significantly swell at 
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pH = 2.0, whilst significant swelling was observed at pH = 7.4. When insulin126 and 
calcitonin128 were encapsulated in beads of such hydrogels, no significant drug release was 
observed at low pH, while the drug release at high pH could be regulated by tuning PAAc 
content of the material. 
The DNA-crosslinked PIC (paragraphs 1.3.1 and 1.4.2.3) was also shown to be responsive 
towards the pH of the solution.72 The elastic properties of this hydrogel are governed by the 
structure of the crosslinker. By varying this structure, the mechanical properties of the 
material were tuned within diverse strain-stiffening regimes. Crosslinkers based on DNA 
nanoswitches were used to make the material responsive to pH, since they can reversibly 
contract and relax in response to a pH change (Figure 10a). The mechanical properties of the 
PIC hydrogel could be dynamically controlled, and the modulus of the nanoswitch-
crosslinked material was increased nearly twofold by decreasing the pH from 7.4 to 5.2. 
Additionally, the onset of the strain-stiffening regime, critical stress σc, was increased with 
nearly 2 Pa as a result of this pH change (Figure 10b).  
 
Figure 10. a) Schematic representation of PIC polymers crosslinked with DNA-nanoswitches that respond to a change 
in solution pH. b) The mechanical properties of the crosslinked material change in response to a change in solution 
pH. Figure reprinted with permission from reference [72]. Copyright 2017 American Chemical Society. 
a b 
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1.5 Outline of this thesis 
The goal of the work described in this thesis is to prepare and characterize crosslinked 
biomimetic hydrogels based on synthetic polyisocyanides of which the mechanical properties 
can be controlled. The mechanical functionality is introduced by employing stimulus-
responsive crosslinkers. The main technique to characterize the hydrogel mechanics will be 
macroscopic rheology, which is used to analyze the stiffness of the gels in both the linear and 
the non-linear regime. Throughout the thesis, we use the efficient strain-promoted azide 
alkyne cycloaddition (SPAAC) reaction for crosslinking. We decorated the PIC polymers 
with azide functional groups, and we used bivalent or multivalent crosslinkers based on 
cyclo-octynes. 
In Chapter 2, we provide a strategy to crosslink the PIC networks selectively inside the 
bundles, thereby capturing the fibrous architecture at the crosslinking conditions. At a low 
crosslink density, we preserve the architecture as well as the mechanical properties of the 
material. We characterize the crosslinked materials using rheology and small angle X-ray 
scattering (SAXS) and found that we are able to tailor network mechanics by tuning the 
thermal history of the material. The materials prepared in this chapter serve as controls for 
the following chapters, where we study different strategies to remove the crosslinks in a 
controlled fashion. 
Chapter 3 describes the preparation of a (partly) biodegradable hydrogel, using enzyme-
cleavable crosslinkers. We theorize that dendritic cells that express the appropriate enzyme 
can remodel the matrix and migrate through the crosslinked PIC network even though the 
pore size is significantly smaller than that of natural gels. To study cell behavior at 
physiological temperatures, we employed a PIC-based hydrogel with an increased gelation 
temperature, which ensures that the hydrogel stability is solely dependent on the crosslink 
degradation. We demonstrate that the crosslinked hydrogel is readily degraded after 
addition of the enzyme. Furthermore, we show preliminary data of dendritic cell migration 
experiments through the crosslinked hydrogels. 
In Chapter 4, we study approaches to use light as a stimulus to control the network 
architecture and associated mechanical properties of the PIC gel, by introducing two different 
photocleavable crosslinkers. A crosslinker bearing an ortho-nitrobenzene moiety was used to 
stabilize the hydrogel, and the crosslinked material proved partly degradable upon 
irradiation with low-intensity UV light. Additionally, the partial synthesis of a second 
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photocleavable crosslinker bearing a near-infrared light responsive bromohydroxycoumarin 
photocage is described. 
In Chapter 5, we used functionalized cowpea chlorotic mottle virus (CCMV) capsids as 
supramolecular crosslinking nodes in the biomimetic PIC network. These crosslinkers are 
different from the ones that we study in the other chapters, since they contain many 
functional groups on a single capsid. Consequently, the gel architecture will be slightly 
different, but the mechanical properties shows unique features. We found that at high stress, 
the crosslinked networks are able to dissipate energy, which indicates that the capsids can be 
irreversibly disintegrated. A subsequent cooling-heating cycle allows for re-crosslinking at 
the damaged site, resulting in significantly stronger hydrogels. Virus capsids are promising 
drug delivery vehicles, and our approach offers a promising strategy to trigger drug release 
mechanically without compromising the mechanical integrity of the host material. 
In the materials discussed in the first chapters, the elastic behavior dominates. Chapter 6 
describes a first step towards introduction of more viscoelastic behavior in PIC hydrogels. 
The PIC networks were crosslinked with a supramolecular crosslinker based on the 
homoternary 2:1 complex of an phenylalanine-based guest and cucurbit[8]uril. Rheology 
experiments showed weak frequency dependence of the mechanics, particularly in the low 
temperature regime, which is indicative of viscoelastic behavior. Higher binding constant 
complexes may be needed to introduce more substantial viscoelasticity, but our approach is 
promising for future research into viscoelastic fibrous hydrogels.  
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2 
Selective Crosslinking of Fibrous 
Hydrogels 
Abstract 
In contrast to most synthetic hydrogels, biological gels are made of fibrous networks. This 
architecture gives rise to unique properties, like low concentration, high porosity gels with a 
high mechanical responsiveness as a result of strain-stiffening. In this work, we used a 
synthetic polymer model system, based on polyisocyanides, that we crosslinked selectively 
inside the bundles. This approach allows us to lock in the fibrous network present at the 
crosslinking conditions. At minimum crosslink densities, we are able to freeze in the 
architecture as well as the associated mechanical properties. Rheology and X-ray scattering 
experiments show that we able to accurately tailor network mechanics, not by changing the 
gel composition or architecture, but rather by tuning its (thermal) history. Selective 
crosslinking is a crucial step in making biomimetic networks with a controlled architecture. 
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2.1 Introduction 
Life is supported by hydrogels. They give mechanical properties to cells and their 
surrounding matrix.1,2 Nature is able to precisely regulate the stiffness of these gels in space 
and time. For instance, the most abundant cytoskeletal protein, F-actin is (reversibly) bundled 
and crosslinked by various actin-binding proteins, resulting in a soft, porous and fibrous 
network structure.3,4 It is this bundled network architecture that determines the unique 
mechanical properties of the network: its stiffness, and also its strong increase in stiffness 
upon deformation of the gel, the so-called strain-stiffening behavior.2,5 The linear and 
nonlinear mechanics are crucial parameters in cellular functions, intracellular 
communication and tissue protection.6,7 Other biogels, such as fibrin, collagen and 
intermediate filaments show analogous architectures and properties.8,9 
In contrast, synthetic hydrogels that are studied for many biomedical applications 
commonly have very different architectures (high concentration and dense, single chain 
networks) and are not strain-responsive.6 To manipulate mechanics in these networks, one 
 
 
Figure 1. a) Schematic representation of the crosslinking method. Azide (orange) decorated polymers (blue) are gelled 
and crosslinked selectively within the bundles by a crosslinker (pink), stabilising the architecture. b)  Gel components: 
PIC 1 (yield: 94%, 3.3-mol-% N3, Mv = 599 kg mol-1) and crosslinkers 2a and 2b. c-f) Freeze-fractured cryoSEM 
micrographs of PIC gels (scale bars are 1 µm): crosslinked (c) and not-crosslinked (d) gel at T = 37 °C and crosslinked 
(e) and not-crosslinked (f) gel at T = 5 °C. 
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routinely changes the polymer or crosslinker concentration, which simultaneously changes 
the architecture and, for instance, the pore size, and the density and distribution of 
(bio)functional groups that are conjugated to the polymer.10,11 Developing methods to reliably 
decouple the mechanical properties is still an outstanding challenge. 
In this chapter, we demonstrate a new approach to synthesize networks with different 
mechanical properties, but all with very similar architectures. The only way to achieve this, 
is to use Nature’s approach. In analogy to actin networks, our synthetic hydrogels are soft, 
porous fibrillar structures.12,13 We then crosslink the polymers selectively inside the bundles, 
which keeps the network architecture unchanged (Figure 1a). By changing the crosslinking 
conditions, the concentration and the nature of the crosslinkers, we can accurately tailor the 
mechanical properties, both in the linear and in the strain-stiffening regime. This approach is 
generic for any bundled hydrogel material, either synthetic or biological. 
 
2.2 Results and discussion 
2.2.1  Material preparation 
As a model system, we employed the semi-flexible (ethylene glycol)-decorated 
polyisocyanide (PIC) polymers.13 An aqueous PIC solution reversibly gels when heated above 
its lower critical solution temperature (LCST) and a branched, bundled gel is formed with an 
architecture that is broadly distributed in length scales, both in bundle diameters and in pore 
dimensions. The gel is unique, since it combines the advantages of a synthetic polymer with 
a strongly biomimetic character in both architecture and mechanical properties.12,14 Similar to 
any other gels, its stiffness strongly depends on concentration, polymer characteristics and 
conditions, like temperature14 and the ionic strength15 of the solution. In addition, PIC share 
the strain-stiffening characteristics with bundled structural biological protein-based gels, 
which means that the gel can become 10–100 times stiffer on deformation.2,4 Such bundled 
hydrogels have great potential in 3D tissue engineering, and also for PIC polymers and gels 
regenerative medicine,16  immunology17,18 and (DNA) sensing applications have been 
reported.19,20 
For crosslinking, we used the efficient strain-promoted azide alkyne cycloaddition 
(SPAAC) reaction.21,22 We decorated the PIC polymer with azide-functional groups by co-
polymerizing an azide-functionalized monomer (3.3 mol-%) with an inert monomer, 
resulting in PIC polymer 1 (Figure 1b). Projected along the backbone, the average azide 
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spacing amounts ~3 nm, but because of the helical backbone conformation, adjacent azide 
groups will be spread out much further. We designed two di-functional crosslinkers based 
on cyclo-octynes with spacer lengths of ~3 nm (2a) and ~10 nm (2b). The spacer length of the 
crosslinker is crucial in the selectivity of the crosslinking process.  
To form the crosslinked gel, a pre-cooled aqueous solution of crosslinker 2 is added at once 
to a similar volume of cold solution of polymer 1. This solution then is quickly heated into 
the gel phase where the SPAAC reaction is allowed to proceed for one hour. CryoSEM images 
of the crosslinked hydrogel 1+2a (Figure 1c) show a porous network with features similar to 
the corresponding hydrogel without the crosslinker present (Figure 1d). At low 
temperatures, however, the network structure of crosslinked gel is conserved (Figure 1e), 
whilst the corresponding SEM image of the non-crosslinked material shows an unstructured 
polymer film (Figure 1f). 
Rheology experiments (Figure 2) confirm this behavior. In a typical experiment, the 
crosslinker is added to a cold PIC polymer solution and the mixture is transferred to the 
rheometer, which measures the storage modulus G′ as the sample heats up (Figure 2a). Both 
samples with (1+2a, blue line) and without (1, orange line) crosslinker show the same clear 
transition from a low viscous solution with minimal modulus to an elastic gel  
(LCST = Tgel ≈ 15 °C). In the gel phase, the bundles are held together by non-covalent 
interactions, which despite their weak character barely dissociate. Even under stress, network 
relaxation or creep is minimal. The addition of a small amount of crosslinks does not impact 
the mechanical properties of the material in the gel phase, i.e. above Tgel. The effect of the 
crosslinking reaction becomes very clear when the samples are cooled again: Whilst the 
sample without crosslinks displays the reverse gelation transition to the polymer solution 
(dashed orange line), the modulus of the crosslinked hydrogel stays high and only marginally 
decreases to G' ≈ 50 Pa at T = 5 °C (dashed blue line). The covalent linkages in the network 
prevent the hydrogel from disintegrating. The preservation of the bundled network 
architecture is clearly illustrated by the mechanical response of the gel to high stress. At high 
stresses, i.e. beyond a critical value, PIC gels as well as other semi-flexible networks show a 
stiffening regime, where the differential modulus K′ = ∂σ/∂γ  (σ and γ are the stress and strain, 
respectively) scales to the applied stress: K′ ∝ σm for σ > σc (where m and σc are the stiffening 
index and the critical stress, respectively). The characteristics of this regime strongly depend 
on the bundle structure. 2,5,14,23,24 In the crosslinked 1+2a hydrogel, the stiffening responses at 
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Figure 2. a) Storage modulus G′ of a crosslinked (1+2a, blue data) and a not-crosslinked (only 1, orange data) PIC gel. 
The heating (solid lines) curves shows gel formation at 15–20 °C. After crosslinking at 37 °C, the cooling (dashed lines) 
curve of 1 shows ‘melting’, while 1+2a remains a gel. The thermal stiffening exponent β originates from single chain 
stiffening.14 b) Differential modulus K′ = ∂σ/∂γ as a function of applied stress σ for the 1+2a gel (crosslinked at Tcl = 
37 °C) and measured at 5 °C (open diamonds) and 37 °C (solid circles). Below a critical stress σc, K′ = G′, above it K′ ~ 
σm, with m the stiffening index, quantifying the responsiveness to stress. c) Crosslinking in the absence of bundles (at 
Tcl = 5 °C, brown data) does not lead to network formation, but as soon as the temperature is raised and bundles form, 
the gel forms permanent crosslinks that are stable on cooling, similar to that of the immediately crosslinked sample 
(blue data). Temperatures are indicated above. d) G′ of 1+2a gels crosslinked at Tcl = 25 °C (blue), 30 °C (violet), 40 °C 
(purple), 50 °C (red) and 65 °C (pink) when cooling from the crosslinking temperature Tcl to 5 °C (cooling rate: 1 °C 
min–1). e) G′ of crosslinked PIC gels (Tcl = 25–50 °C), reheating from 5 °C to 50 °C with a heating rate of 1 °C min–1. f) G′ 
of crosslinked PIC gels (Tcl = 25–50 °C), cooling from 50 °C to 5 °C with a heating rate of 1 °C min–1 fully overlap. g) G′ 
of crosslinked gels at T = 20 °C, measured after cooling from their respective crosslinking temperatures (solid squares) 
and after cooling from T = 50 °C (open circles). The modulus scales with the crosslinking temperature: G′T=20 ~ Tcl 
exp(2βTcl) with β = 0.025.  (h) G′ of gels crosslinked with a ‘long’ crosslinker 2b (green) and ‘short’ crosslinker 2a (blue); 
both cooling from Tcl = 37 °C to 5 °C (−1 °C min–1). (i) K' of the hydrogels crosslinked with the ‘long’ (2b, green) and the 
‘short’ (2a, blue) spacer, crosslinked at Tcl = 37 °C and measured at T = 5 °C. For all experiments in Figure 2, the 
concentrations were identical: [1] = 1 mg mL-1, equivalent to [N3] = 104 µM; crosslinkers: [2a] or [2b] = 52 µM (or 0 µm 
in panel a). 
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5 and 37 °C (Figure 2b) are virtually identical, which strongly indicates that the load-bearing 
network in the gel is conserved.  
The linear and nonlinear mechanical properties of semi-flexible networks are the direct 
consequence of the bundled structure. How then can this bundled structure be conserved 
below the gelation temperature with such low concentration of crosslinkers [2a] = 52 µM?  
NB a typical crosslinker concentration in a soft polyacrylamide gel is 100 times higher:  
2−10 mM. To answer this question, we need to consider the molecular design of the polymer 
and the crosslinker. The polymer is relatively stiff and ordered in a ~41 helical conformer. 
With 3.3% azide content, adjacent azide groups will on average be at least ~5 nm apart. 
Crosslinker 2a, however is much shorter than that, which means that intramolecular 
crosslinking is insignificant. Also, the intermolecular crosslinking rate in solution is very low, 
because of the high dilution (52 µM) of functional groups in the sample. The only opportunity 
to generate crosslinks is above Tgel, when bundles form. This process effectively concentrates 
the azides and, as a result, the crosslinks are predominantly formed between polymer chains 
inside a bundle, in other words intra-bundle, but intermolecular. On cooling again, this 
characteristic bundled network architecture is maintained. To verify that efficient 
crosslinking indeed requires bundle formation, a prolonged crosslinking procedure was 
performed at temperatures below Tgel (5 °C and 18 °C in the presence of 1.0 M NaI). Even after 
2 hours, we observe no sign of efficient network formation (Figures 2c and 3a). After heating 
this mixture into the gel phase and subsequently cooling it back to 5 °C, however, an elastic 
gel is present. The intra-bundle crosslinking approach has the great advantage that crosslinks 
are very effective and the open porous structure of the gel is remained, which is critical for 
many biomedical applications. In addition, this crosslinking approach is generic and can be 
applied to any bundled network, biological or synthetic.  
 
2.2.2 Controlling mechanics with temperature 
In addition, PIC hydrogels uniquely continue to stiffen beyond Tgel because of the increasing 
stiffness or persistence length of the individual polymer chains following: G′ ~ Te2βT with 
thermal coefficient β = 0.055 K–1 for 1 and 1+2a (Figure 2a), which roughly corresponds to a 
tenfold increase in the stiffness every 20 °C. The gel structure during this heating process 
does not change significantly,12 which means that the thermal stiffening behavior is solely 
attributed to an increase in the persistence length of the bundles. When the crosslinking 
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reaction captures the architecture and the mechanical properties at the crosslinking 
conditions, varying the crosslinking temperature should give us hydrogels with different 
mechanical properties, but now with a very similar network architecture; a highly 
uncommon characteristic of hydrogels and much pursued to study the pure effects of 
mechanical properties on cell behavior. Since they show different persistence lengths, the 
structure inside the bundles likely varies with temperature, although the disordered nature 
of the bundles (compared to biological gels) hampers experimental verification. 
We prepared five gels (1+2a) that were crosslinked at 25, 30, 40, 50 and 65 °C. After mixing 
1 and 2a at 5 °C and applying the solution to the rheometer, the temperature was raised 
immediately to the desired crosslinking temperature Tcl where bundles form and crosslinking 
commences (Figure 3). After 1 hour, the crosslinked gels were cooled to 5 °C while measuring 
the storage modulus (Figure 2d). Indeed, samples crosslinked at a higher temperature are 
much stiffer over the entire temperature range than samples crosslinked at lower Tcl. Looking 
at 20 °C, for instance, the modulus of the sample crosslinked at 65 °C is about 10-fold higher 
than that of the sample crosslinked at 25 °C. This approach offers a unique opportunity to 
truly study mechanics without the influence of other parameters, such as network 
composition or architecture. 
 
Figure 3. a) Crosslinking below Tgel. Storage modulus G′ of PIC solutions 1+2a (blue) and 1+2b (light blue), crosslinked 
at Tcl = 5 °C, and of PIC solution 1+2a with 1M NaI at Tcl = 18 °C. For all experiments, [1] = 1 mg mL−1, equivalent to 104 
µM azide groups, [2a] = [N3]/2 = 52 µM. b) Storage moduli of mixtures of PIC hydrogels and 2a crosslinked between  
Tcl = 25–65 °C. In all experiments, [1] = 1 mg mL−1, equivalent to 104 µM azide groups, [2a] = [N3]/2 = 52 µM. The samples 
were mixed below 5 °C, applied to the rheometer and heated immediately to the crosslink temperature and the storage 
modulus (at γ = 0.04, f = 1 Hz) was followed in time. 
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The samples that were polymerized at different temperatures were then heated from 5 °C 
all to 50 °C (Figure 2e). Up to the crosslinking temperature, G′ follows the same trace as the 
cooling ramp, showing full reversibility without hysteresis. Beyond Tgel, however, the slope 
of G′ vs T increases to the value of the pristine heating ramp (G′ ~ Te2βT, with nearly identical 
β = 0.051 K–1), resulting of convergence of the mechanical properties of all gels at elevated 
temperatures, irrespective of their crosslinking temperature. Despite the presence of the 
crosslinks, the polymer chains and with them, the bundles continue to stiffen. In subsequent 
cooling ramps (Figure 2f), we find that this stiffening process is irreversible and all samples 
show similar mechanical properties, independent of the original crosslinking temperature. 
We anticipate that heating beyond Tcl irreversibly tightens and stiffens the bundle which 
exposes residual reactive groups that crosslink and irreversibly stiffen the hydrogel.19 When 
we plot the moduli of the gels at T = 20 °C for samples crosslinked at different Tcl (Figure 2g), 
we observe a clear difference in stiffness when they are directly cooled after crosslinking 
where G′ scales not to the actual temperature, but to the original crosslinking temperature: 
G′ ~ Tcl exp(2βTcl). Once the samples are heated to 50 °C, their difference in mechanical 
properties at 20 °C has disappeared. 
 
2.2.3 Crosslinker design 
By modifying the length of the crosslinker, we were able to further tailor the network 
structure and the mechanicall properties in the hydrogels. As an illustration, we designed 
and prepared crosslinker 2b, which is much longer (~10 nm) than 2a, but still an order of 
magnitude smaller than the pore size. Hence, 2b still is expected to give predominantly 
crosslinks inside the bundle, but will less efficient in keeping the polymer chains in a tight 
bundle below Tgel. Indeed, although prepared at the same concentrations and conditions  
(Tcl = 37 °C, 52 µM), the stiffness of gels crosslinked with the longer spacer 2b decreases much 
stronger with on cooling than gels with 2a (Figure 2h). Cooling below Tgel reduces the non-
covalent interactions between the polymers and while the short crosslinks sustain the tight 
bundle structure, the longer crosslinks allow for disorganization of the chains in the bundle 
and consequently, a reduction in the bundle persistence length and the stiffness of the gel. 
Since the bundled architecture is still in place, the gel remains elastic (G′ ≫ G″) and, also, the 
nonlinear properties are conserved at 5 °C (Figure 2i). In fact, we find that K’ of 1+2b and 1+2a 
fully overlap in the nonlinear regime, which is in line with theory3,25,26 that predicts that 
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compliant crosslinkers have a limited effect on the strain-stiffening behavior of semi-flexible 
networks.  
 
2.2.4 Network architecture 
The network architecture plays a crucial role in the mechanical properties of the gel, but is 
challenging to study in-situ, due to the low polymer concentrations and the large 
distributions in bundle and pore dimensions. We used small angle X-ray scattering (SAXS) 
to characterize the network structure.12 A low-temperature PIC polymer 1 solution containing 
free polymers (T = 5 °C) is comfortably described by a worm-like chain model by 
Kholodenko,27 which yields the persistence length (lp,0 = 30 nm) and polymer diameter  
(R = 1.0 nm) from the fitting procedure. In the gel phase, the scattering traces were fitted to 
the same Kholodenko model (now yielding the average bundle diameter, RB) together with 
the Ornstein-Zernike model28 which describes the porous network structure. As expected, at 
high temperatures, crosslinked gel 1+2a shows a scattering pattern analogous to the non-
crosslinked hydrogel (Appendix Figure A1). When the crosslinked sample is cooled to  
T = 5 °C, the scattering pattern becomes a combination of the pattern of the bundled gel with 
that of a single polymer (Figure 4a), i.e. a fraction of the network is re-solvated. The scattering 
curve is well described by a linear combination of both contributions: the  
Kholodenko/Ornstein-Zernike model for the bundled network plus a single polymer 
Kholodenko model (Figure 4b,c), using most of the earlier found fitting parameters (see 
Appendix Table 1 for the fitting results). 
We then analyzed the architectures of gels that were crosslinked at different temperatures, 
by recording and fitting their scattering patterns at the crosslinking temperature Tcl  
(Figure 4d) after cooling (to T = 5 °C, Figure 4e), heating (T = 50 °C, Appendix Figure A1e) 
and cooling again (T = 5 °C, Appendix Figure A1f). For gels crosslinked at Tcl = 25 and 30 °C, 
that is close to the gelation temperature Tgel, we find a scattering contribution of single 
polymers that are not yet incorporated in the network. At higher Tcl, this contribution is 
negligible (< 2%). Similarly, the average bundle radius RB of gel crosslinked at 25 °C, is lower 
than the gels prepared at higher T, either crosslinked or not (Figure 4f). On cooling non-
crosslinked samples, the bundles swiftly disappear, but the SAXS results of the crosslinked 
gels indicate the presence of a fraction of single polymers as well as bundles with an increased 
average diameter (Figure 4b,f). In the gel, bundle diameters are highly distributed  
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(Figure 1c-e) and thin bundles will have few crosslink points and thus a higher probability to 
rehydrate and disassemble at low temperatures. Hence, the core of the network at 5 °C is 
formed by the remaining thicker bundles. These thicker bundles carry the majority of the 
mechanical load, as implied by the minor reduction in stiffness of the crosslinked gels on 
cooling and the remaining non-linear response to stress (Figure 2b). Reheating the gels to 
50 °C reduces RB again to values that are expected for the gel at that temperature. The small 
bundles formed by reheating do reduce the average bundle size, but seem to play a marginal 
role in the mechanical properties of the hydrogel. The bundles of 1+2a, crosslinked at 25 °C 
now also have the expected bundle dimensions and the fraction free polymers has 
 
Figure 4. Architectural analysis with SAXS. a) The scattering curve of the 1+2a crosslinked gel at 5 °C (orange) is a 
combination of the bundled hydrogel pattern (red, 1+2a, 50 °C) and the dissolved polymer pattern (black, 1, 5 °C). b,c) 
Contributions of the models for crosslinked 1+2a gel at 5 °C and model interpretation of architectural length scales. 
d,e) SAXS curves of 1+2a gels, crosslinked at 25, 30, 40 and 50 °C at the crosslinking temperatures (d) and after cooling 
to 5 °C (e) with the best fit to the model (solid lines). The curves were shifted vertically to enhance clarity (f) Average 
bundle radii of gels crosslinked gels 1+2a (blue to red) and 1+2b (green) at the crosslinking temperature Tcl, at 5 °C and 
at 50 °C, as well as the bundle radius of 1 at 50 °C for comparison. All fits include a 40% distribution on the bundle 
diameter; the error bars are an estimate for the range where the fit yields acceptable results. The concentrations for all 
samples in the figure are [1] = 4 mg mL−1 and [2a] = [2b] = [N3]/2 = 208 µm. 
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disappeared for all gels. Analogous effects were found for gels of 1+2b. All scattering curves 
(Appendix Figure A1) and fitting results (Appendix Table 1) are given in the Appendix. 
 
2.2.5 Crosslink density 
Besides the crosslinking temperature and dimensions of the crosslinker, we examined a third 
tool to tune the mechanical properties: the crosslink density.29 We varied the concentration 
2a and, after crosslinking at 37 °C, measured the mechanical properties at 5 °C. Each 
crosslinker contains two DBCO moieties, so for clarity the mechanical properties were plotted 
against the number of DBCO moieties per azide group (Figure 5a).30 Not unexpectedly, at a 
DBCO/azide ratio around 1, the gel is stabilized most efficiently. Also, UV-vis experiments31 
that afford the conversion of the DBCO moieties confirm that the yield of the crosslinking 
 
Figure 5. Crosslinker ratios and conversions. a) Relative stiffness of crosslinked 1+2a hydrogels (Tcl = 37 °C,  
[1] = 1 mg mL-1), after 11 h stabilization at 5 °C as compared to the stiffness of the same gel at 37 °C as a function of the 
[DBCO]/[N3] ratio (blue data). The error bars represent the standard deviation of n = 2 or 3 measurements. The ratio of 
[DBCO]/[N3] was varied between 0 and 2. Note that the graph shows the relative decrease of the modulus at 5 °C that 
is normalized to the modulus at 37 °C, because the DBCO units that are present at different concentrations for different 
crosslinking ratios shift the gel transition temperature slightly, and with that the stiffness of the gel. The absolute values 
of the moduli at T = 5 °C and 37 °C are given in Appendix Table 2. Estimated crosslink concentration based on statistical 
reactions between the crosslinker and the azide and the experimentally determined conversion values (red dotted line). 
b) DBCO conversion for gels crosslinked with 2a or 2b, at 37 °C and at 5 °C in time measured using UV-Vis 
spectrometry. Colors are explained in the panel. 
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reaction is then highest (Figure 5b and Appendix Figure A2). Based on the assumption that 
two reactions with the same crosslinker, we estimated the crosslink density (Figure 5a), which 
coincides well with the material’s stiffness at 5 °C. At insufficient [2a], the crosslink density 
below Tgel is simply too small to form a percolating bundled network that can carry any load; 
at too high [2a], many azide groups are substituted with a crosslinker that is not attached to 
the network with its other end, which similarly decreases the crosslink density. Crosslinker 
concentrations and absolute G’-values for all experiments are given in Appendix Table 2. 
UV-Vis analysis further shows that despite the low concentration, the crosslinking reaction 
is effectively finished in a few minutes. In addition, at 5 °C the SPAAC reaction proceeds, 
albeit very slowly, to a conversion of ~50% (Figure 5b). At this point, the crosslinker reacted 
with one of its DBCO unit, but the probability of finding a second azide nearby is small and 
crosslinks are formed sparsely, which is in line with the results shown in Figure 2c. 
 
2.3 Conclusions 
Covalent crosslinking is the default method to stabilize hydrogels permanently, but often 
results in gels with small pores with limited application potential in 3D cell studies. Biology 
solved this challenge by generating open porous networks of semi-flexible bundles that are 
crosslinked by dedicated proteins. We followed this example and presented an approach to 
crosslink fibrous predominantly inside the bundles. Provided that the crosslinking reaction 
is carried out in the presence of the bundles, crosslinker concentrations of 50 µM are sufficient 
to stabilize the architecture. For the PIC gels, presented here, bundle formation is thermally 
induced (and reversible), which means that crosslinking should take place above the gelation 
temperature, which is readily tuned between 10 and 60 °C by simply changing the ethylene 
glycol tails.31 We find that the mechanical properties at the crosslinking conditions are 
irreversibly captured and cooling shows minor impact on the architecture or the mechanical 
properties of the material. Further heating, on the other hand will continue to stiffen the 
network irreversibly. The nature (i.e. length), concentration and, most likely, the functionality 
of the crosslink are versatile parameters to tailor the mechanothermal response. 
This approach is not restricted to polyisocyanide gels, but will be applicable to any 
bundled gel architecture and will be most effective when the dimensions of the crosslinker 
are smaller than the distance between the complementary functional groups on the polymer 
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backbone. The genericity renders this strategy highly relevant for biomechanical studies that 
concentrate on the effect of the tissue mechanics on cell fate. 
In addition, our scattering results show that upon cooling a crosslinked gel only the 
thickest bundles remain, while rheology experiments demonstrate that the stiffness and the 
mechanical response to stress of the crosslinked gels are barely impacted on cooling. We 
conclude that in such networks with a large distribution in bundle diameters, the mechanical 
load is predominantly carried by the thickest bundles and that thinner bundles hardly 
contribute to the linear or the nonlinear mechanical properties. This conclusion has a 
significant effect on how we should visualize stress-development in a polydisperse fibrillar 
network: what are the length scales of (local) deformation, when for instance a cell adheres 
to a network and strains it? 
 
2.4 Experimental 
General  
1H- and 13C-NMR spectra were recorded on a Bruker Avance III 500MHz (126 MHz for 13C) 
spectrometer. All MALDI-TOF spectra were recorded on a Bruker Microflex LRF MALDI-TOF 
system using dithranol as matrix. For viscometry measurements the polymers were dissolved 
in acetonitrile (0.1 – 0.6 mg ml-1) and the intrinsic viscosity of these solutions was measured 
at T = 25 °C. The average viscosity molecular weight, Mv, of the polymers was calculated 
using the empirical Mark–Houwink equation: [𝜂𝜂] = 𝐾𝐾𝑀𝑀𝑣𝑣𝑎𝑎. Where [η] is the intrinsic viscosity 
of the polymer solution as determined from viscometry measurements and Mark–Houwink 
parameters K and a depend on solvent and polymer characteristics. We used parameter 
values that were previously determined for other polyisocyanides: K = 1.4 × 10−9 and a = 1.75.32 
All compounds were used as purchased unless specifically mentioned otherwise. 
 
Synthesis 
Azide-functionalized isocyanide monomer 
The azide-functionalized isocyanide monomer was synthesized following a modified 
literature procedure.33 The first and last step of the procedure were altered. 
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Tetra(ethylene glycol) p-toluenesulfonate 
Tetraethylene glycol (52.68 g, 271 mmol) was dissolved in 10 mL THF and the solution was 
cooled to 0 °C. A solution of NaOH (1.81 g, 45.25 mmol) in 10 mL water was added and the 
mixture was stirred vigorously for 5 minutes. A solution of tosyl chloride (8.08 g, 42.4 mmol) 
in THF (70 mL) was added drop wise. The reaction mixture was stirred for 2.5h at room 
temperature. Subsequently, the solution was poured onto ice water (200 mL) and DCM (50 
mL) was added and the layers were separated. The aqueous layer was extracted 4 times with 
DCM (100 mL). The combined organic layers were dried using anhydrous NaSO4 and the 
solvents were removed in vacuo. The product was purified using flash chromatography (SiO2, 
EtOAc) to yield 11.9 g (80%) of a yellow oil. The analysis results matched those reported in 
literature.34 
 
(R)-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 2-((S)-2-isocyanopropanamido)propanoate.  
(R)-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 2-((S)-2-formamido propanamido) 
propanoate (640 mg, 1.64 mmol) was dissolved in freshly distilled DCM (60 mL). To this 
solution, methyl N-(triethylammoniumsulfonyl) carbamate (Burgess reagent; 594 mg, 2.49 
mmol) was added. The mixture was stirred at room temperature for 6 h until all starting 
material was consumed (observed by TLC). The solvents were removed in vacuo, and the 
product was purified using flash chromatography (SiO2, 3:1 DCM:MeCN) to yield 0.436 g 
(72%) of a pale yellow oil. The analysis results matched those reported in literature.33 
 
Polyisocyanide polymer 1 
The commercially available methoxy-terminated isocyanide monomer was purified by flash 
chromatography (SiO2, 1:3 MeCN:DCM) before use. The purified monomer (250 mg, 0.79 
mmol) and the azide functionalized isocyanide monomer (10 mg, 27 µmol) were dissolved in 
freshly distilled toluene (4 mL). A catalyst stock solution of 1 mM Ni(ClO4)2·6H2O in freshly 
distilled toluene/ethanol (9:1) was prepared. 81.7 µL of the stock solution was diluted to 1 mL 
using freshly distilled toluene and added to the monomer solution. The resulting mixture 
was stirred for 72 h at room temperature. Afterwards, the reaction mixture was diluted with 
DCM (5 mL) and the product was precipitated in diisopropyl ether (100 mL). After filtration, 
the polymer was redissolved in DCM (5 mL) and reprecipitated in diisopropyl ether (100 
mL). This procedure was repeated two more times. The product was obtained as a pale 
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yellow solid, yield: 244 mg (94 %). FT-IR νmax film (cm-1): 3268, 2876, 1742, 1657, 1532, 1455, 
1264, 1217, 1065, 729, 703. Mv = 599 kDa, UV-Vis λmax (25 °C, milliQ) = 245 nm.  
 
Bis-DBCO PEG(1000) crosslinker 2b 
4-Dimethylaminopyridine (DMAP, 0.5 mg, 4.4 
µmol), DBCO-amine (38.1 mg, 138 µmol) and 
PEG(1000) bis-acetic acid (50 mg, 44 µmol) were 
dissolved in freshly distilled DCM (5 mL). The 
reaction mixture was cooled to 0°C. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide 
hydrochloride (EDC·HCl, 28 mg, 146 µmol) was 
added and the mixture was allowed to warm up to 
room temperature. The solution was stirred overnight at room temperature. Afterwards, the 
reaction mixture was diluted with DCM and the organic layer was washed with water (3x50 
mL) and brine (1x50mL). The organic layer was dried with anhydrous Na2SO4 and the 
solvents were evaporated in vacuo. The product was dissolved in THF (1 mL), filtered and 
the solvent was evaporated in vacuo. This procedure was repeated once. For further 
purification, the product was dissolved in a minimum amount of THF and precipitated in 
cold heptane. This procedure was repeated twice, after which the product was obtained as 
yellow oil with a yield of 59.7 mg (84 %). Analysis: 1H-NMR (500 MHz, CDCl3, ppm) δ: 7.70 
(d, 2H, CArH), 7.46 – 7.31 (m, 14H, CArH), 7.13 (br t, 2H, NH), 5.16 (d, 2H, C3H), 3.90 (q, 4H, 
C8H2), 3.80 – 3.60 (m, 88H, -O-CH2-CH2-, C3H), 3.60 – 3.49 (m, 8H, -O-CH2-CH2-), 3.44 – 3.32 
(m, 4H, C6H2), 2.55 (dt, 2H, C5H), 2.02 (dt, 2H, C5H). 13C-NMR (126 MHz, CDCl3, ppm) δ: 
171.56 (C4), 169.79 (C7), 151.11 (CAr), 148.07 (CAr), 132.16 (CAr), 129.09 (CAr), 128.58 (CAr), 128.29 
(CAr), 128.23 (CAr), 127.73 (CAr), 127.18 (CAr), 125.53 (CAr), 123.07 (CAr), 122.55 (CAr), 114.80 (C1), 
107.74 (C2), 70.86 (-CH2-CH2-O-), 70.56 (-CH2-CH2-O- and C8), 70.27 (-CH2-CH2-O-), 55.45 (C3), 
34.78 (C5, C6). MALDI-TOF: m/z = 1378, 1422, 1466, 1510, 1554, 1598, 1642, 1686, 1730, 1774, 
1818, 1862 and 1906 which corresponds to DBCO-(CH2CH2O)n-DBCO+Na+ (n= 14 - 26) and 
1570, 1614, 1658 and 1702 which corresponds to DBCO-(CH2CH2O)n-DBCO+K+ (n= 17 – 20). 
FT-IR νmax film (cm-1): 3507 (N-H), 2870 (C-H), 1655 (C=O amide), 1535, 1466, 1449, 1398, 1325, 
1250, 1206, 1101 (C-N), 949, 846, 729. UV-Vis λmax (25 °C, milliQ) = 290.5 nm. ε290.5 (milliQ) = 
16430 L mol-1 cm-1.   
C2
C1 C3
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O
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Sample preparation 
For rheology and UV-Vis experiments, a solution of 1 (2 mg mL-1) was prepared by overnight 
dissolving dry polymer in the appropriate amount of milliQ water at 4 °C with occasionally 
shaking. All polymer solutions were stored at -20 °C prior to use. A solution 2a (2 mg mL-1 in 
DMSO) or 2b (2 mg mL-1 in milliQ water) was diluted with milliQ water such that an 
equivolumnar mixture of polymer and crosslinker contains the desired ratio azide and DBCO 
groups (mostly 1:1). The solutions were mixed in a pre-cooled glass vial, briefly homogenized 
and used immediately. For SAXS analysis, more concentrated samples were used: 1 was 
dissolved in MilliQ water (4.36 mg ml-1) as described above and 2a (4.48 mg mL-1) was 
dissolved in DMSO/milliQ (1:1). For each sample, 16 µL of the 2a solution and 200 µL of the 
PIC stock solution were quickly mixed and immediately transferred into a quartz capillary. 
The capillary was then placed in a water bath at the appropriate Tcl for 1h, after which the 
scattering experiments were conducted. 
 
Analysis 
Rheology 
Rheological measurements were carried out on a TA Instruments Dynamic Hybrid 
Rheometer 1 or 2 fitted with a 40 mm sandblasted parallel plate geometry. A geometry gap 
of 500 µm was used. To measure the linear regime (G0), the sample was heated to the desired 
temperature, and after a short waiting period for equilibration the complex modulus G* was 
measured by applying an oscillating deformation of amplitude γ = 0.04 at frequency f = 1 Hz. 
Temperature-dependent measurements were carried out at a 1 °C min-1 ramp rate. For 
nonlinear measurements the pre-stress protocol described by Broedersz et al. was used.5  
 
Small Angle X-ray Scattering 
Setup 
All SAXS measurements were performed analogous to earlier work.12 SAXS measurements 
were carried out at the BM26B station at the European Synchrotron Radiation Facility (ESRF) 
in Grenoble, France. X-ray radiation with a wavelength of λ = 0.1 nm. The sample-to-detector 
distance was 2.7 m. The SAXS images were recorded on a noiseless, solid-state, highly 
sensitive Pilatus 1M 3S detector with a pixel size of 172 X 172 µm and an array dimension of 
981 X 1043 pixels. The scattering angle 2θ and beam center scale were calibrated using the 
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diffraction peak positions of a silver behenate standard powder sample. The SAXS images 
were normalized by the primary beam intensity fluctuation. The background scattering was 
scaled for the sample transmission prior to perform the background subtraction. 
Background-subtracted images were radially integrated around the beam center using a 
python suite to obtain the I(q) versus q profiles, where q = 4π/λsin θ. Samples were measured 
in 2 mm quartz capillaries and were inserted in a Linkam hot stage for temperature control 
in the range of 5 to 50 °C. Absolute intensities were obtained using the secondary standard 
method using pure water.34  
 
Fitting procedures 
The SAXS curves were fitted using the SASfit software.35 The scattering of polymers in 
solution could be described using a wormlike chain model described by Kholodenko:27 
 
𝐼𝐼(𝑞𝑞) = (𝛥𝛥ρ)2𝜑𝜑𝑃𝑃0�𝑞𝑞, 𝐿𝐿, 2𝑙𝑙p�𝑃𝑃CS(𝑞𝑞,𝑅𝑅) 
 
Where Δρ = ρpolymer – ρwater is the difference in electron density between the polymer chain and 
the solution, φ is the polymer volume fraction, L is the contour length, lp is the persistence 
length and R is the cross-sectional radius of the polymer chain. 
The scattering from the network architecture was described using a combination of the 
wormlike model27 and of the model developed by Ornstein and Zernike,28 which describes 
the scattering from network heterogeneities, according to the equation: 
 
𝐼𝐼(𝑞𝑞) = 𝐼𝐼bundles(𝑞𝑞) + 𝐼𝐼network(𝑞𝑞) =  (𝛥𝛥ρ)2𝜑𝜑𝑃𝑃0�𝑞𝑞, 𝐿𝐿B, 2𝑙𝑙p,B�𝑃𝑃CS(𝑞𝑞,𝑅𝑅B) + 𝐼𝐼(0)1 + 𝑞𝑞2𝜉𝜉OZ2   
 
Where LB is the polymer contour length, lp,B is the persistence length of the polymer bundle, 
RB is the cross-sectional radius of the bundles, I(0) is the forward scattering of the OZ-term, 
and ξOZ is the correlation length of the network heterogeneities. Because L of the bundles is 
larger than the SAXS resolution, we kept LB fixed at 930 nm. Additionally, to reduce the 
amount of fitting parameters and considering that the persistence length of the bundles is 
relatively large and does not have a major effect on the model in the fitted q range, we fixed 
lp,B to 273 nm for all gels. Finally, since the correlation length of the network heterogeneities 
62 | Chapter 2 
 
is larger than the SAXS resolution (ξOZ > 80 nm), we kept this parameter fixed at 100 nm for 
all gels. The individual contributions of the models and RB were fitted. The error of the bundle 
size RB was determined after fitting the scattering curves, by changing the value until the fit 
did not converge anymore. 
For the crosslinked gels at low T, a second contribution of the wormlike model27 was added 
to account for the re-dissolved polymer ends and small polymers: 
 
𝐼𝐼(𝑞𝑞) = 𝐼𝐼bundles(𝑞𝑞) + 𝐼𝐼network(𝑞𝑞) + 𝐼𝐼polymers(𝑞𝑞)=  (𝛥𝛥ρ)2𝜑𝜑𝑃𝑃0�𝑞𝑞, 𝐿𝐿B, 2𝑙𝑙p,B�𝑃𝑃CS(𝑞𝑞,𝑅𝑅B) + 𝐼𝐼(0)1 + 𝑞𝑞2𝜉𝜉OZ2 + (𝛥𝛥ρ)2𝜑𝜑𝑃𝑃0�𝑞𝑞, 𝐿𝐿, 2𝑙𝑙p�𝑃𝑃CS(𝑞𝑞,𝑅𝑅) 
 
Again, Lp,B, Ip.B and ξOZ were fixed at abovementioned values. Additionally, we assume that 
for the re-dissolved polymer-ends and small polymers, the polymer cross-sectional radius R 
and persistence length lp is the same for all samples at T = 5 °C. These parameters were 
therefore obtained from the scattering curve of the non-crosslinked gel 1 at 5 °C. The 
individual contributions of the models and RB were fitted. The error of the bundle size RB was 
determined after fitting the scattering curves, by changing the value until the fit did not 
converge anymore. 
 
UV-Vis experiments 
All UV-Vis measurements were carried out on a JASCO V-630 UV-Vis spectrophotometer using 
a 2 mm path length HELLMA quartz cuvette. For the conversion measurements a spectrum 
with the range of λ = 350 – 250 nm was obtained every 15 seconds. After background 
subtraction36 the conversion of DBCO was calculated using the extinction coefficient at  
λ = 304 nm (ε304 = 7610 L mol-1 cm-1). The concentrations of 2a used for the UV-Vis and 
rheology measurements as given in Figure 5a are summarized in Table 1. The concentration 
of 1 was 1.0 mg mL-1 ([N3] = 104.1 µM) for all measurements. 
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Table 1. Concentrations of 2a used for UV-Vis and rheology measurements for studying the dependence on crosslinker 
density. 
[DBCO] / [N3] [2a] (µM) 
0.1 
0.2 
0.5 
0.9 
1 
1.25 
1.5 
1.75 
2.0 
5.21 
10.42 
26.05 
46.8 
52.1 
65.05 
78.15 
91 
104.1 
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36. A large background correction was necessary due to background absorption and baseline spreading 
caused by uncontrolled heating. These corrections result in an error of ±≥10% in all UV-Vis measurements  
 
 
2.6 Appendix 
  
 
Figure A1. Scattering curves and fits for crosslinked gels 1+2a or 1+2b. (a) Scattering patterns of a non-crosslinked PIC 
gel 1 and a crosslinked PIC gel 1+2a, measured at T = 50 °C. (b) SAXS curves of (b) 1+2b gel, crosslinked at 37 °C, at the 
crosslinking temperature (green), 5 °C (blue) and 50 °C (dark green), and of (c) 1+2a gels crosslinked at 25, 30, 40 and 
50 °C at the crosslinking temperatures (c) and after cooling to 5 °C (d, f), and after heating to 50 °C (e) with the best fit 
to the model (solid lines). The curves were shifted vertically for visibility. Note that the fitting results are summarized 
in Appendix Table 1. 
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Figure A2. Conversion of the crosslinking reaction. a) UV-vis analysis of the conversion of DBCO in the PIC hydrogels 
using an increasing concentration of 2a. b) Calculated conversion of DBCO after 15 minutes plotted against the ratio 
[DBCO]/[N3], see Appendix Table 2. 
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Appendix Table 2. Crosslinker concentrations and absolute moduli. Concentrations of crosslinker 2a used for the UV-
vis and rheology measurements to study the dependence on crosslinker density and the storage moduli G′ of the 
corresponding crosslinked gels at T = 37 °C (crosslink temperature) and T = 5 °C. 
ratio  
[DBCO]/[N3] 
[2a]  
(µM)   
G′ at T = 37 °C   
(Pa) 
G′  at T = 5 °C  
(Pa) 
0 
0.1 
0.2 
0.5 
0.9 
1 
1.25 
1.5 
1.75 
2.0 
0 
5.2 
10.4 
26.1 
46.8 
52.1 
65.1 
78.2 
91.0 
104.1 
136 
157 
140 
211 
148 
201 
184 
125 
115 
125 
<1 
7 
20 
78 
72 
93 
95 
48 
22 
20 
 
3 
Enzyme-cleavable Fibrous Networks 
Abstract 
An ideal biomaterial, for example for in tissue engineering applications, is a hydrogel that 
allows for local matrix degradation to facilitate cell infiltration and migration. Natural 
materials, like collagen, are often biodegradable, whilst synthetic materials need to be 
specifically designed to facilitate this functionality. In this work, we used a synthetic polymer 
model system based on polyisocyanides, that we crosslinked within the polymer bundles 
using enzyme-degradable crosslinks. We prepared a crosslinked material that can be cooled 
to physiological temperatures (37 °C), below its LCST. The gel is efficiently degraded when 
exposed to MMP-1 enzymes. We theorize that dendritic cells, that express MMP-1 during 
amoeboid migration, can remodel the matrix and migrate through the crosslinked PIC 
network, despite the small pore size compared to collagen. We show preliminary data of these 
migration experiments, but the current rate of matrix degradation is too low, preventing full 
matrix migration within the life span of the primary DCs. If the rate of matrix degradation 
can be increased, this approach could be a valuable method to study the migration behavior 
of different cell types. 
 
 
 
 
 
 
Jorieke Weiden is acknowledged for a great collaboration, and for performing and analyzing the cell 
migration and viability experiments. 
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3.1 Introduction 
Cellular processes such as intercellular communication, wound regeneration and cancer 
spreading strongly depend on the ability of cells to migrate through their matrix.1-2 In nature, 
this matrix is a hydrogel: a fibrous network in an aqueous environment containing several 
structural proteins, e.g. collagen and fibrin, which are often reversibly crosslinked by proteins 
and/or metal ions. These and other biological hydrogels are very interesting for biomedical 
applications, because of their bioreactivity, biocompatibility and mechanical stability at low 
concentrations.3 Natural gels, however are difficult to obtain in large quantities with constant 
batch quality, and synthetic modification without altering the mechanical properties is 
difficult. Synthetic mimics of these types of networks offer the opportunity for simple 
chemical alteration of the materials. Truly biomimetic synthetic networks, however are 
relatively rare: The fibrous architecture and corresponding mechanical integrity have been 
proven difficult to achieve synthetically (see Chapter 1).4-5 
An ideal biomaterial for many applications, either synthetic or natural should allow for 
local matrix degradation to facilitate cell migration and infiltration, for example during tissue 
regeneration. Ultimately, full degradation of the biomaterial is required to ensure that no 
foreign material remains in the regenerated tissue.6 For many biological materials 
biodegradation is no issue, but for synthetic materials additional measures should be taken. 
A well-controllable method to a biodegradable synthetic matrix uses protease-sensitive 
crosslinks. Proteases are enzymes that catalyze the hydrolysis of specific peptide bonds. Many 
cell types remodel their surrounding matrix by expressing matrix metalloproteases (MMPs). 
For example, dendritic cells (DCs) express high levels of MMP-1, amongst other proteases, to 
remodel the extracellular matrix during cell migration, especially when their predominantly 
amoeboid7-8 (integrin-independent) migration is inhibited by the density of the matrix.9 
MMP-1-sensitive peptide sequences are therefore useful candidates for biodegradable 
networks, as was shown by  West and Hubbell, who pioneered an enzyme-degradable 
poly(ethylene glycol) diacrylate hydrogel using this approach10 and explored different 
MMP-1 substrate sequences that promote cellular migration into these polymer hydrogels.11-12 
In Chapter 1, the polyisocyanide (PIC) hydrogels were introduced. These semiflexible 
polymers possess a stiff and helical backbone, stabilized by hydrogen bonds. The materials 
display a lower critical solution temperature (LCST) in water, above which a fibrous hydrogel 
is formed. This material combines a biomimetic fibrous architecture with the synthetic 
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advantages of artificial gels, which makes it very interesting for applications in e.g. 
immunology13 and regenerative medicine.14-15 
In Chapter 2, we described an approach to form intra-fibrillar covalent crosslinks in the 
PIC hydrogel. We obtained networks with different mechanical properties, but all with very 
similar architectures. Additionally, we were able tailor the mechanical properties of the PIC 
hydrogels, both in the low stress and in the high stress (strain-stiffening) regimes, by changing 
the crosslinking conditions. Crosslinking of the PIC networks is beneficial to the network 
stability, but a disadvantage of the dense, permanent network structure is that processes like 
cell migration are inhibited. In this Chapter, we study a method to combine the advantages 
of a stable crosslinked PIC gel with on-demand cleavage mechanisms, effectively introducing 
biodegradability into the PIC hydrogel. As approach, we crosslink a PIC network with a 
bivalent protease-sensitive crosslinker. Indeed, we find that the crosslinked material is stable 
for several days, but as soon as an appropriate enzyme is added, the gel degrades. 
Additionally, we discuss some preliminary results which indicate that dendritic cell 
migration could be possible in this material through remodeling of the matrix. 
 
3.2 Results and discussion 
3.2.1 Materials 
To obtain an intra-fibrillar crosslinked network, it is crucial that the fibrous architecture is 
formed before the crosslinking reaction commences. For the PIC gels, this means that the 
crosslinking temperature Tcl should exceed the LCST or Tgel of the polymer. Above Tgel, 
however, the network is both stabilized by the crosslinks and by the hydrophobic interactions 
in the polymer bundles, and cleavage of crosslinks does not change the network architecture 
nor the porosity of the gel. For efficient on-demand matrix remodeling, crosslink cleavage 
should result in network disintegration. This process can only occur when the crosslinked 
material is cooled below the LCST, i.e. at a temperature where the gel stability is solely 
determined by the crosslink density. Since we performed all our cell experiments at 37 °C, far 
above the LCST of any tri(ethylene glycol) grafted PIC hydrogel discussed so far, we here 
utilized PIC polymers with tetra(ethylene glycol) side chains, which display an LCST of 
roughly 42 °C.16 This way, the materials were crosslinked at a temperature above the LCST 
and subsequently cooled to 37 °C, below the LCST, to perform the cell experiments.  
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Scheme 1. Synthesis of a) PICs 1a, 1b (3.3 mol-% N3) and 1c, b) synthesis of crosslinker 2b and c) commercially available 
crosslinker 2a.  
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For crosslinking, we employed the biocompatible strain-promoted azide alkyne click 
chemistry (SPAAC) reaction, as introduced and explored in Chapter 2. We decorated the PIC 
polymers, grafted with tri- or tetra(ethylene glycol) side chains, with azide functional groups 
by copolymerization of an azide-functionalized monomer with an inert tri- or tetra-(ethylene 
glycol) grafted monomer, resulting in PIC 1a and PIC 1b (LCSTs ≈ 42 °C and 13 °C, 
respectively, Scheme 1a). Additionally, we used a tri(ethylene glycol) grafted PIC 1c  
(LCST ≈ 14 °C, Chapter 2) to be used in control experiments.  
We employed two bifunctional crosslinkers: a commercially available, non-cleavable 
crosslinker 2a (Chapter 2) and a peptide-based biodegradable crosslinker 2b. Crosslinker 2b 
was synthetized by di-functionalizing peptide 3 with cyclo-octynes (Scheme 1c), employing a 
simple coupling reaction between the pendant amines on the lysine residues and a DBCO 
moiety bearing a NHS ester. This crosslinker was analyzed using LC-MS and analytical 
HPLC, which revealed a 74% pure bifunctionalized peptide, with monofunctionalized 
peptide (17%) and a bifunctional peptide with one oxidized methionine residu (6%) as main 
impurities. Because purification of DBCO-functionalized compounds is difficult due to the 
instability of the cyclo-octyne towards the generally acidic purification conditions, the 
bifunctional crosslinker was used without further purification. The main impurities should 
not significantly interfere with the crosslinking and cleaving reactions, since the PIC network 
is still efficiently crosslinked slightly away from stoichiometric ratios.  
 
3.2.2 Crosslinking 
To determine the mechanical properties of a crosslinked gel, a pre-cooled solution of 
crosslinker 2a or 2b in buffer or medium was added to the same volume of a cold solution of 
tri(ethylene glycol) grafted PIC 1b. The cold mixture was transferred to the rheometer and 
the storage modulus G’ was measured while quickly heating the sample to 37 °C, at which 
the crosslinking reaction was allowed to proceed for 60 minutes. Indeed, a crosslinked 
hydrogel is obtained with similar characteristics to those reported in Chapter 2 (Figure 2a), a 
result of the similar spacer length for crosslinkers 2a (~3 nm) and 2b (~5 nm).  
Tetra(ethylene glycol) grafted PIC 1a was crosslinked in a similar way, except that the 
crosslinking temperature Tcl was increased to 55 °C, well above the LCST of the  
tetra(ethylene glycol) grafted PIC 1a, where the crosslinking reaction was allowed to proceed 
for 30 minutes (Figure 2b). After crosslinking, the material was cooled to 37 °C. Because the 
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Figure 1. Zoomed HPLC-chromatograms of the enzyme essay solutions, after spin-filtration, at t = 0 (black) and  
t = 24 h (blue). The same solutions were analyzed using LC-MS. 
 
 
 
 
 
 
 
Figure 2. Mechanical properties of crosslinked PIC hydrogels: a) In these experiments, [1b] = 1 mg mL-1, 104 µM azide 
groups, [2a] or [2b] = 52 µM. Cooling curves of a crosslinked tri(ethylene glycol) grafted PIC 1b gel using 2a (purple 
line) or 2b (red line). b) Crosslinked tetra(ethylene glycol) grafted PIC hydrogels 1a using inert crosslinker 2a (dashed 
lines) or peptide crosslinker 2b (solid lines) in medium (see experimental section for details), whilst varying the 
concentration of crosslinker. In all experiments [1a] = 2 mg mL-1, 185 µM azide groups. The gels are  (I) crosslinked at 
Tcl = 55 °C, subsequently (II) cooled to 37 °C at a ramp rate of 1 °C min-1 and finally (III) allowed to stabilize at T = 37 °C. 
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gel was now below its LCST and the fibers were no longer supported by entropic desolvation, 
the bundled architecture was exclusively stabilized by the crosslinks. Rheology experiments 
of the crosslinked gels confirm that the peptide crosslinker 2b indeed stabilizes the network 
architecture (Figure 2b). 
We define Q as the measure for the upper limit of the crosslink density, given by the ratio 
between the concentration of strain-promoted alkyne and the concentration of azides: 
𝑄𝑄 =  [𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷][𝑁𝑁3]  (1) 
A crosslinked tetra(ethylene glycol) grafted PIC gel 1a+2b with Q = 0.2 was formed when 
the mixture was heated to 55 °C (Figure 2b). Upon cooling, the storage modulus of the 
hydrogel decreased to G’ = 39 Pa at T = 37 °C. Larger amounts of crosslinker (Q = 0.4 and  
Q = 1.0) resulted in crosslinked hydrogels with higher storage moduli at T = 37 °C, respectively 
G’ = 113 Pa and G’ = 137 Pa. The peptide crosslinker 2b-crosslinked hydrogels show therefore 
similar behavior as the materials described in Chapter 2. Again, the covalent intra-fibrous 
linkages prevent the hydrogel from disintegrating. An important factor that contributes to the 
higher moduli of gels crosslinked with inert crosslinker 2a, which becomes more apparent 
higher crosslink density, is the higher hydrophobicity of linker 2a as compared to peptide 
linker 2b, which results in more hydrophobic crosslinked bundles and consequently a stiffer 
gel. 
 
3.2.3 Biodegradability of the crosslinker and the crosslinked gel 
The MMP1-cleavable peptide sequence 3 (Lys-Val-Pro-Met-Ser-Met-Arg-Gly-Lys, Scheme 1) 
was tested for degradability by MMP-1.6 A solution of the enzyme (100 nM) and the peptide 
(1 mM) in buffer was incubated at 37 °C, and the solutions contents were analyzed using high-
pressure liquid chromatography (HPLC) assisted mass spectrometry (LC-MS) after 24 hours 
(Figure 1). Only one cleavage product (Lys-Val-Pro-Met-Ser, in agreement with results 
reported in literature6) was observed in the HPLC spectrum, probably because the other 
product precipitated during incubation. No starting material was detected after 24 hours 
incubation, indicating that complete peptide cleavage was achieved over that time period. 
Biodegradability of the tetra(ethylene glycol) grafted PIC 1a+2b hydrogel was confirmed 
using rheology. After mixing the crosslinker solution with the gel solution ([1a] = 2 mg mL-1 
and [2a] or [2b] = 92.5 µM, Q = 1), both in a suitable buffer for MMP-1 (see experimental section 
for details), and allowing the SPAAC reaction to proceed in the rheometer at T = 55 °C, the 
76 | Chapter 3 
 
 
crosslinked hydrogel was cooled to T = 37 °C. After reaching this temperature, a solution of 
recombinant human MMP-1 (final enzyme concentration 200 nM) in the same buffer was 
added at the periphery of the sample and the storage modulus was measured for 72 hours 
(Figure 3). The stiffness of crosslinked hydrogel 1a+2b steadily decreases over time, a process 
that starts immediately after enzyme addition. The degradation of the 2b-crosslinked gel is 
caused by a decreasing crosslink density, leading to resolvation of the polymers and 
correspondingly a decrease in modulus, since T < Tgel. The same experiment was repeated 
with a tetra(ethylene glycol) grafted PIC 1a hydrogel crosslinked with the inert crosslinker 2a, 
and with cleavable crosslinker 2b but without addition of the enzyme (Figure 3). In both of 
these control experiments a stable gel is formed, and no significant decrease in modulus is 
observed over a time period of 3 days.  
Although the cleavable crosslinks 2b are predominantly localized inside bundles (see 
Chapter 2), the enzymes are able to cleave the peptide sequence. The 2b-crosslinked PIC 
network is biodegradable by MMP-1, but full network degradation is not achieved since after 
72 hours a hydrogel with G’ = 30 Pa remains. Full crosslink cleavage is probably not observed 
because the enzymes lose their activity over time, and some of the crosslinks might be 
impossible for the enzyme to reach due to steric hindrance by the polymer bundle. The inert 
2a-crosslinked material is not degraded when exposed to the enzyme, and without addition 
of the enzyme the peptide 2b-crosslinked hydrogel is also fully stable over 3 days, which 
shows that the decrease in stiffness is indeed caused by MMP-1-catalyzed crosslink 
degradation. 
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Figure 3. Enzyme-catalyzed degradation of hydrogels crosslinked at 55 °C, measured at 37 °C. In these experiments 
[1a] = 2 mg mL-1, 185 µM azide groups, [2a] or [2b] = 92.5 µM, Q = 1, and [MMP-1] = 200 nM. Polyisocyanide hydrogel 1a 
crosslinked with 2b after addition of MMP-1 (pink), crosslinked hydrogel 1a with 2b without addition of enzyme 
(purple) and crosslinked hydrogel 1a with inert crosslinker 2a after addition of MMP-1 enzyme (black). 
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3.2.4 Cell migration studies 
Cell migration is important cellular behavior for many different biological processes. A 
biomimetic matrix should, in addition to providing support and mechanical stability to the 
cells, allow for migration in order to support cellular infiltration.9 To study cellular migration 
through the PIC hydrogels, we used dendritic cells because of their amoeboid migration mode 
and related MMP-1 expression (see paragraph 3.1).7-9 Cellular mobility is inhibited by the PIC 
network since the average pore size is below 100 nm, much smaller than the cells and their 
nuclei.17 Indeed, when encapsulated in a tri(ethylene glycol) grafted PIC 1c network at  
T > Tgel, the cells are entrapped by the dense filamentous network of the PIC and show 
significantly less random migration than in collagen gels (Figure 4b), even at low gel 
concentrations. If the cells could remodel the matrix, for example by expressing proteases that 
can cleave the crosslinks in the direct neighborhood of the cells, migration in a dense hydrogel 
like PICs 1a-c could be possible. As such, biodegradable PIC hydrogels could support cellular 
migration. 
Dendritic cells that are encapsulated in tri(ethylene glycol) grafted PIC 1c  are as viable as 
DCs encapsulated in collagen gels (Appendix Figure A2). Since the networks formed by PICs 
1a-c are very much alike,16 we expect similar cellular behavior and viability in all PIC 
hydrogels. Indeed, DC viability in tetra(ethylene glycol) grafted PIC hydrogel 1a crosslinked 
with inert crosslinker 2a is comparable to cells encapsulated in collagen networks (Figure 4a).  
We investigated chemokine-directed cell migration in the tetra(ethylene glycol) grafted 
PIC 1a hydrogel, crosslinked with either non-cleavable linker 2a or peptide linker 2b using a 
trans-well system. Gels were prepared by mixing solutions of PIC 1a and crosslinkers 2a or 
2b in a well, followed by a 30 to 45 minute crosslinking procedure at 55 °C. Afterwards, the 
gels were cooled to 37 °C and mature monocyte derived dendritic cells (moDCs) were placed 
on top. A chemokine gradient was applied over the gel by placing the well in a chemokine 
solution containing chemokine (C-C motif) ligand 21 (CCL21) to trigger chemokine-directed 
migration by the moDCs. This setup was incubated at 37 °C for 72 hours. Every 24 hours the 
chemokine solution was refreshed, and the number of cells that had migrated into the bottom 
compartment at these timepoints was quantified using flowcytometry. 
Indeed, cell migration was observed through the biodegradable hydrogels when a 
chemokine gradient was applied, whilst no migration is observed when the CCL21 gradient 
is absent or when the non-cleavable crosslinker 2a is used (Figure 4d). Interestingly, a higher 
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concentration of degradable crosslinker seems to result in higher numbers of cells migrating 
through the gels, which implies that migration through these significantly stiffer gels  
(Figure 2b) is faster and more efficient. The mechanism for the faster migration through stiffer 
gels is currently unknown, but cell matrix interactions or even adhesion may be involved. 
To further investigate the significance of the higher crosslinker concentration, the 
migration experiments with higher crosslinker concentrations were repeated (Figure 4e). The 
abovementioned results, however, were not reproducible, since in this case no significant cell 
migration was observed for any of the crosslinked hydrogels. These experiments were 
repeated several times, but the earlier described results could not be reproduced in any case. 
The low number of cells that migrated through the PIC could for example be explained by 
insufficient MMP-1 expression by moDCs. The cells migrate easily through collagen, 
implying sufficient activity and expression of the enzyme.9 The pores of PIC are much smaller 
than those of collagen, which has a pore size in the range of 2-6 µm,18 and a more significant 
degree of network disintegration is required before significant moDC migration is possible 
through the PIC hydrogel. Alternatively, the aforementioned results (Figure 4d) could have 
been false positives, possibly caused by contraction of the gels, resulting in an incomplete 
well-coverage or in tears in the material. In this case, the cells do not migrate through the 
material, but simply move through the tears or along the well wall. Although no significant 
migration through the PIC gels was observed within the first 24 hours of incubation, the gels 
likely contract over time and can therefore tear during the full duration of the experiments. 
To be able to draw a valid conclusion about the suitability of the crosslinked PIC gel for moDC 
migration, these cell experiments have to be repeated and special care has to be taken to avoid 
gel contraction, for example by ensuring a 100% humidity environment during the 
crosslinking step and careful analysis of the gels before and during the migration experiment. 
Also, the MMP-1 expression by moDCs in these experimental conditions should be analyzed 
and quantified to ensure that a sufficient amount of enzymes is present during the migration 
experiments. 
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Figure 4. Dendritic cell migration in non-crosslinked tri(ethylene glycol) grafted PIC (b-c, [1c] = 0.75 mg mL-1) and 
crosslinked tetra(ethylene glycol) grafted PIC gels 1a+2a and 1a+2b (a,d,e, [1a] = 2 mg mL-1). a) Viability of immature 
BDCA1+ myeloid dendritic cells (mDCs) in collagen gel and crosslinked tetra(ethylene glycol) grafted PIC hydrogel 
(1a+2a, Q = 1.0), defined as the percentage of Annexin V-7AAD-cells. Black bars represent data obtained after 24 hours 
of incubation, grey bars represent data after 72 hours of incubation. Values represent mean and SEM, n=3.  
b) Representative images of 3 hour cell tracks of immature BDCA1+ mDCs in collagen gels (c = 1.7 mg mL-1) and 
tri(ethylene glycol) grafted PIC 1c (c = 0.75 mg mL-1) hydrogels containing 0.5x106 cells mL-1. Each dot and/or track 
represents one randomly chosen cell. c) The mean squared displacement of 30 cell tracks in collagen (c = 1.7 mg mL-1) 
and tri(ethylene glycol) grafted PIC 1c (c = 0.75 mg mL-1) hydrogels that were tracked for 2 hrs. Values represent mean 
and SEM. * p < 0.0001. d, e) Dendritic cell counts in the chemokine solution in two independent transwell essays, 
cumulative data of a 3 day migration essay using [1a] = 2 mg mL-1 with varying [2a] or [2b] in medium. Filled bars 
represent data with an applied chemokine gradient, empty bars represent control experiments without an applied 
chemokine gradient. 
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3.3 Conclusions 
In summary, we have demonstrated that we can prepare a biodegradable fibrous hydrogel 
by using an enzyme-cleavable crosslinker in a PIC hydrogel. Below the LCST, the bundles are 
exclusively stabilized by the crosslinks, which allows for gel degradation when the MMP-1 
cleaves the protease-sensitive spacer in the crosslinker. Additionally, we showed preliminary 
results which indicate that dendritic cell migration could be possible using this biomimetic 
material. This approach is highly relevant for biological and immunological studies that focus 
on the effect of architecture and tissue mechanics on cell migration and proliferation. The 
simple chemistry of the crosslinker allows for material optimization, for example towards 
different cell types, particular enzymes or varying cleaving rates. This study could prove to 
be an important tool for three-dimensional cell migration studies, synthetic immune niches 
(i.e. 3D scaffolds that bear immune cell activation signals), and future use of these biomaterials 
for tissue engineering properties. 
Further studies into application of this biodegradable hydrogel in migration studies should 
involve optimization of the crosslinking conditions to avoid gel contraction and tearing, as 
well as additional investigation into the optimal crosslink density and material stiffness to 
support sufficient network degradation and cellular migration. In our initial approach, the 
network degradation is simply too slow, preventing full matrix migration within the life span 
of the primary DCs. This problem could be solved by addition of a second, enzyme-
independent hydrolysable crosslinker to the degradable gels. As this second crosslinker is 
slowly cleaved over time, the matrix stiffness decreases, the bundle integrity is lowered and 
the enzymes might be able to cleave crosslinkers that were previously unreachable. 
Alternatively, a small amount of recombinant MMP-1 could be added to the gels to speed up 
the overall network degradation. A higher concentration of PIC, and thus a higher 
concentration of cleavable crosslinker, might counterintuitively also improve the degradation 
rate as a higher substrate concentration often results in a higher rate of cleavage. If the 
degradation rate can be increased, our approach could provide a synthetic biodegradable 
matrix suitable for studying the migration properties of different cell types, for example 
T-cells or tumor cells. 
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3.4 Experimental 
General 
All compounds were used as purchased unless specifically mentioned otherwise. Peptide 
mass characterization was performed by electrospray ionization (ESI) liquid chromatography 
mass spectrometry (LC-MS) on a Thermo Finnigan LCQ Fleet equipped with a Shimadzu HPLC 
and PDA detection. For viscometry measurements the polymers were dissolved in acetonitrile 
(0.1 – 0.6 mg ml-1) and the intrinsic viscosity of these solutions was measured at T = 25 °C. The 
average viscosity molecular weight, Mv, of the polymers was calculated using the empirical 
Mark–Houwink equation: [𝜂𝜂] = 𝐾𝐾𝑀𝑀𝑣𝑣𝑎𝑎. Where [η] is the intrinsic viscosity of the polymer 
solution as determined from viscometry measurements and Mark–Houwink parameters K 
and a depend on solvent and polymer characteristics. We used parameter values that were 
previously determined for other polyisocyanides: K = 1.4 × 10−9 and a = 1.75.19 
 
Synthesis 
DBCO-Lys-Val-Pro-Met-Ser-Met-Arg-Gly-Lys-DBCO 2 
Peptide 3 (50 mg, 46.5 µmol), DBCO-NHS ester (51.2 mg, 0.1 mmol) and 
diisopropylethylamine (DIPEA, 40 µL, 0.23 mmol) were dissolved in dry DMF (5 mL). The 
reaction mixture was stirred overnight at room temperature. Subsequently the product was 
precipitated in diethyl ether (50 mL). After centrifugation, the residue was redissolved in 
DCM (1 mL) and reprecipitated in diethyl ether (50 mL). This procedure was repeated one 
more time. Afterwards the product was dried in vacuo. The product was obtained as a white 
powder (72 mg, 94%) and was used without further purification. 
Mass analysis (m/z): 1074.88 (M+K+) 
 
Polymers 1a-c 
Polymer 1a was a gift of dr. R. Hammink, Mv = 503 kDa. FT-IR νmax film (cm-1): 3266, 2924, 
2856, 2112, 1965, 1740, 1657, 1597, 1531, 1457, 1375, 1351, 1325, 1272, 1247, 1212, 1107, 1065, 
1039, 847, 779, 525. 
Polymers 1b is the same polymer that was used in Chapter 4. Details on the preparation and 
characterization are given there.  
Polymer 1c was a gift of dr. R.K. Das. Mv = 481 kDa. 
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Methods 
General procedure for gel preparation 
For rheology and UV-Vis experiments, solutions of polymer 1a-c (4 mg mL-1) were prepared 
by overnight dissolving dry polymer in the appropriate amount of medium (RPMI-1640 with 
10% fetal bovine serum, 2 mM UltraGlutamine and 0.5% Antibiotic-Antimycotic) at 4 °C with 
occasionally shaking. All polymer solutions were stored at -20 °C prior to use. A solution of 
crosslinker 2a or 2b (2 - 20 mg mL-1 in DMSO) was diluted with the same medium such that 
an equivolumnar mixture of polymer and crosslinker contained the desired ratio Q (corrected 
for the impurities using a factor 0.8), and the final [DMSO] = 1 vol.-%. The solutions were 
mixed in a pre-cooled glass vial, briefly homogenized and used immediately.  
 
Gel preparation for MMP-1 degradation studies 
The general procedure for gel preparation was followed, but the polymers and the 
crosslinkers were dissolved in a buffer containing 50 mM HEPES, 200 mM NaCl, 10 mM CaCl2, 
pH 7. 
 
MMP-1 enzyme essay 
1.074 mg of peptide 3 was dissolved in a buffer (918.4 µL) containing 50 mM HEPES, 200 mM 
NaCl, 10 mM CaCl2, pH 7.4. Subsequently, 85.4 µL of a solution of MMP-1 in the same buffer 
(0.1 g L-1) was added. The reaction mixture was incubated at T = 37 °C for 24 hours. 
Afterwards, 100 µL of the solution was spinfiltrated (100 kDa cutoff, 13000 rpm, 5 min, 4 °C) 
and the filtrate was analyzed using LC-MS and analytical HPLC. 
 
Cell isolation, cell culture and reagents 
Human dendritic cells (DCs) were isolated from buffy coats obtained from healthy volunteers 
after written informed consent and in agreement with institutional guidelines as previously 
described.20 Primary CD1c+ myeloid DCs (mDCs) were isolated from peripheral blood 
mononuclear cells (PBMCs) using the CD1c (BDCA-1) DC isolation kit (Miltenyi Biotec) 
Purity of isolated CD1c+ mDCs was determined by staining for a combination of CD11c and 
CD1c (BD Biosciences), and was typically >90%. CD1c+ mDCs were cultured in X-VIVO-15 
medium (Lonza) supplemented with 2% human serum.  
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Monocytes were isolated from PBMCs by plate adhesion and were differentiation into 
monocyte-derived  dendritic cells (moDCs) by culturing for 6 days at 5% CO2 and 37 °C in 
RPMI-1640 (Thermo Fisher Scientific), fetal bovine serum (10% FBS; Greiner Bio-one), 
UltraGlutamine (2 mM, Lonza) and Antibiotic-Antimycotic (0.5%, Gibco by Life 
Technologies), which was supplemented with IL-4 (300 IU/mL, Cell Genix) and GM-CSF (450 
IU/mL) (both Cell Genix). To maturate the moDCs, they were cultured were for an additional 
2 days in the before mentioned medium supplemented with IL-4 (300 U/ml), GM-CSF (450 
U/ml), IL-1β (5 ng/ml), IL-6 (15 ng/ml), TNF-a (10 ng/ml), and PGE2 (10 mg/ml). MoDC 
maturation and CCR7 expression was confirmed by staining for a combination of CD80 and 
CD86, and CCR7 (R&D systems). All flow cytometric analysis was performed on a FACS 
Calibur (BD Biosciences) or FACS Verse (BD Biosciences). Mature moDCs were cultured in 
the before mentioned medium. 
 
Cell encapsulation into PIC gels and DC viability 
Immature CD1c+ mDCs were incorporated within tri(ethylene glycol) grafted PIC 1c 
hydrogels by mixing the polymer solution in medium (RPMI-1640 with 10% fetal bovine 
serum, 2 mM UltraGlutamine and 0.5% Antibiotic-Antimycotic) with the cells on ice at a final 
polymer concentration of 0.75 mg mL-1 and a cell concentration of 5 * 105 cells mL-1. 
Instantaneous gelation of the PIC gels when placed at 37°C ensured embedding of cells 
throughout the 3D matrix. Simultaneously, cells were encapsulated in collagen scaffolds. 
Three-dimensional fibrillar collagen matrices were prepared at 1.7 mg ml-1 by mixing 55.5% 
(v/v) of pepsinized bovine type 1 collagen (3.1 mg/mL, PureCol, Advanced Biomatrix), 3.7% 
(v/v) 0.75% sodium bicarbonate solution (Life Technologies), 7.4% (v/v) minimum essential 
Eagle’s medium (Sigma-Aldrich) and 33.3% (v/v) X-VIVO-15 culture medium with 2% HS 
containing cells, at a final pH of 7.4. The matrices were polymerized at 37°C for 30 – 45 min. 
To investigate DC viability in tetra(ethylene glycol) grafted PIC 1a gels compared to collagen 
matrices, 1 * 106 mature moDCs mL-1 were added on top of pre-formed PIC 1a gels (c = 2 mg 
mL-1) or collagen matrices (c = 1.7 mg mL-1). 
After 24 and 72 hours of culturing at 5% CO2 and 37 °C, cells were recovered from the 1c 
gels by incubating the gels at 4°C for 15 – 30 min and collecting the cell pellet from the fluid 
after centrifugation. Cells were recovered from the tetra(ethylene glycol) grafted PIC 1a gels 
by washing with cold PBS buffer. Cells were retrieved from the collagen scaffolds by 
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enzymatic digestion for 45 min at 37 °C using collagenase A (Roche). Cell viability was 
assessed using an Annexin V (BD Biosciences) and 7AAD staining (eBioscience). All flow 
cytometric analysis was performed on a FACS Calibur (BD Biosciences) or FACS Verse (BD 
Biosciences). 
 
Time-lapse microscopy and quantification of cell migration 
Non-directional migration of individual cells (immature CD1c+ DCs) encapsulated within 3D 
1c hydrogels or collagen matrices was monitored by digital time-lapse, bright-field inverse 
microscopy in a humidified environmental chamber (37 °C and 5% CO2). Images were 
collected for 4 hours at 2.5 min time intervals with a digital CCD camera (Nikon Diaphot 300 
with Hamamatsu C8484-05G CCD Camera, okolab 2D time lapse software). Migration was 
quantified by tracking 30 randomly selected cells for 3 hours with manual tracking FIJI 
software, beginning >30 min after the start of imaging and using the xy coordinates of cell 
paths. Cell velocity per cell was calculated as the length of each cell path divided by time, 
excluding stop phases. The xy trajectories were used to calculate the mean square 
displacement as previously reported.21 Data was analyzed in Graphpad Prism Software 
Version 5.03 (GraphPad Software, Inc.) and significance was analyzed using a two-way 
ANOVA with Bonferroni’s multiple comparisons test. P-values <0.05 were considered 
significant. 
 
Transwell migration assays 
For Transwell-migration assays, tetra(ethylene glycol) grafted PIC 1a gels, prepared as 
described above, in 6.5-mm diameter transwell inserts that were separated from the lower 
chamber by polycarbonate membranes containing 5-µm pores (Costar). Pre-cooled solutions 
of tetra(ethylene glycol) grafted PIC 1a (c = 4 mg mL-1) in medium (RPMI-1640 with 10% fetal 
bovine serum, 2 mM UltraGlutamine and 0.5% Antibiotic-Antimycotic) were mixed in a 1:1 
ratio with solutions containing varying equivalents of inert crosslinker 2a or MMP-cleavable 
crosslinker 2b in the same medium, so that final [1a] = 2 mg mL-1, followed by a 30 to 45 
minute crosslinking procedure at Tcl = 55 °C. Afterwards, the gels were cooled to 37 °C. As a 
positive control, transwell inserts were coated with 75 µL collagen matrices (c  = 1.7 mg mL-1). 
The lower compartments were filled with RPMI-1640 containing 10% FCS and, when 
indicated, 1 mg/ml CCL21 (Biolegend). Mature moDCs were placed on top of the gels and 
Enzyme-cleavable Fibrous Networks | 85 
 
 
 
allowed to migrate to the bottom compartment. After 24 and 48 hrs, the medium with or 
without CCL21 in the bottom compartment was renewed to create a new chemotactic 
gradient. After 24 hrs and 72 hrs, cells were harvested from the lower compartment and 
quantified by flowcytometry using the MACS Quant (Miltenyi Biotec).  
 
Statistical analysis 
Data are expressed as mean ± SEM. Data was analysed in Graphpad Prism Software Version 
5.03 (GraphPad Software, Inc.) using the wilcoxon matched pairs signs rank test, one-way 
ANOVA with the Tukey post-hoc test or Kruskal Wallis test with the Dunns post-hoc test 
when appropriate. Flowcytometry data was analysed using FlowJo Software Version 9.2 (Tree 
Star). 
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3.6 Appendix 
 
Figure A1. Day 8 moDCs are highly activated and express CCR7. Representative images of the maturation of moDCs 
on day 8 as determined by flow cytometry. Expresion of activation markers CD80 and CD86 (middle graph) and 
chemokine receptor CCR7 (right graph, grey line: isotype control, red line: mature moDCs stained with CCR7). 
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Figure A2. Viability of immature BDCA1+ myeloid dendritic cells (mDCs) in collagen gel or in non-crosslinked tri-
ethylene glycol grafted PIC 1c ([1c] = 0.75 mg mL-1, [collagen] = 1.7 mg mL-1), defined as the percentage of Annexin V-
7AAD-cells. Black bars represent data obtained after 4 hours of incubation, grey bars represent data after 24 hours of 
incubation. Values represent mean and SEM, n≥3 
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4 
Towards a Photoresponsive Fibrous 
Hydrogel 
Abstract 
Hydrogels in which an external stimulus induces changes in the (local) mechanical properties 
are highly demanded, for example to remove a tissue engineering scaffold after tissue has 
been formed. Light is a popular choice of stimulus, since it can be used non-invasively and 
with high precision. In this work we report the preparation of a photocleavable fibrous 
hydrogel, using a synthetic hydrogel based on polyisocyanides. During and after the bundle 
formation process that results in the fibrous hydrogel, crosslinks with ortho-nitrobenzene 
groups were formed, primarily inside the bundles. The crosslinked material could be 
partially degraded by exposure to low-intensity UV light for short periods of time. The 
illumination, however, also induced a stiffening process. These simultaneous processes make 
the mechanical response to UV irradiation complex and light intensity, wavelength, exposure 
times and frequencies should be carefully optimized. To avoid these challenges, we designed 
a different, near-infrared (NIR)-cleavable crosslinker bearing a bromohydroxycoumarin 
photocage of which the partial synthesis is reported. 
 
 
 
 
 
Agnes Ozolins is acknowledged for performing part of the NIR-cleavable crosslinker synthesis. Dr. Paul 
White is acknowledged for interpretation of the NMR spectra.  
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4.1 Introduction 
Synthetic hydrogels are often densely crosslinked single polymer networks, consisting of 
homopolymers such as poly(ethylene glycol) (PEG), poly(acrylamide) (PAAm) and 
poly-N-isopropylacrylamide (PNIPAM). The mechanical properties of these elastic materials 
do not change after network formation is completed (see Chapter 1). Such hydrogels are 
widely used as biomaterials in numerous applications because they are structurally and 
mechanically similar to natural tissues.1 The inertness of a synthetic hydrogel can be a 
disadvantage, for example when material deterioration is desired. A mechanism that 
introduces (triggered) material modification can provide the required mechanical 
functionality to allow for e.g. on-demand matrix degradation. A commonly found mechanism 
is biodegradation, in which enzymes (partly) degrade the network (see Chapter 3). Other 
degradation mechanisms can be directed by e.g. temperature2-3 or pH.4  In addition, functional 
hydrogels have been prepared in which the crosslinks or polymer backbone contain 
photoresponsive groups. In such photoresponsive hydrogels, local or universal changes in 
the mechanical and structural material properties are triggered with light, with high 
precision and minimal impact on the environmental conditions.5-8 Many approaches to obtain 
photosensitive hydrogels with varying applications have been reviewed earlier.7, 9 These 
materials are applicable in many fields of interest, e.g. as valves in microfluidics,5, 10 and for 
on-demand delivery of bioactive molecules11-12 and even cell release.6, 13  
Three main classes of reactions are commonly used to change the mechanical properties 
of photosensitive materials: configurational changes, and the formation or breakage of 
chemical bonds. Configurational changes of small molecules that are built into the polymer 
network can (marginally) affect the mechanical properties of the hydrogel. Chemical bond 
formation often results in a significant increase in crosslink density and consequently in G’. 
Finally, photocleavable bonds introduce an on-demand mechanism to remove crosslinks and 
consequently lower the material stiffness, often allowing for full network degradation. In the 
following paragraphs several examples of commonly used motifs are described. 
A well-known example of a small molecule that changes its configuration upon irradiation 
with light is azobenzene (Scheme 1a).14 This molecule switches from a trans to a cis isomer 
upon exposure to UV light.  Since the trans isomer is more thermodynamically stable, and the 
cis isomer is kinetically trapped, the isomerization is fully reversible when irradiation is 
stopped. Poly(ethylene glycol) networks that contain azobenzene moieties reversibly soften 
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upon irradiation with low-intensity 365 nm light, caused by trans-to-cis isomerization.15 The 
mechanical response of the material, however is only marginal as the overall stiffness 
decreases only 3.5%. This approach to photosensitive materials is therefore of limited use.  
A more effective route to considerably change the mechanical properties of a gel is to 
generate more crosslinks. A classic example of a reversible light-sensitive reaction that can 
result in chemical bond formation is the dimerization of coumarin moieties (Scheme 1b). 
Coumarins and several of their derivatives undergo a dimerization reaction  
(2+2 cycloaddition) when irradiated with 365 nm UV light.16 The dimer contains a 
cyclobutane ring, which can be cleaved by irradiation at wavelengths shorter than 290 nm,17 
 
Scheme 1. Commonly used photosensitive reactions in photoresponsive hydrogels. a) trans to cis isomerization of 
azobenzene (refs. 14-15), b) photodimerization of coumarin (refs. 16-18), c) photoresponsive cleaving of an ortho-
nitrobenzene (refs. 6, 19-23) and d) photocleaving reaction of the bromohydroxycoumarin photocage (ref. 13) followed 
by intramolecular lactamization of ornithine. 
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which makes this group a reversible photocrosslinker. Coumarin-functionalized poly(vinyl 
alcohol) (PVA) hydrogels were formed by irradiating a polymer solution with 365 nm UV 
light.18 Subsequently, irradiation with 264 nm UV light broke the gels and redissolved the 
polymers. The authors showed that by using this approach they were able to enhance the 
release of encapsulated carboxyfluorescein from the hydrogel. 
The widest used photocleavable group is ortho-nitrobenzene (oNB, Scheme 1c).19-20 This 
molecule is cleaved upon exposure to UV-light, and both the oNB group as its cleaving 
products are non-toxic, which makes an application in a biological environment feasible. The 
degradation rate of oNBs can be controlled by altering the aryl ethers on the moiety, and by 
changing the functionality at the benzylic site (see paragraph 1.4.2.2).6 Kloxin and coworkers 
formed an elastic photocleavable hydrogel by copolymerizing poly(ethylene glycol) 
monoacrylate with an oNB-based photodegradable crosslinker.21-22 Mesenchymal stem cells 
were encapsulated in such a densely crosslinked hydrogel, and started to spread only after 
the crosslink density was reduced by photodegradation. The high degree of spatial control 
allowed for channel creation through photopatterning, which was used for cell migration 
studies. Additionally, the authors could dynamically tune the interactions between the gel 
and the cells by introduction of on-demand removable bioactive peptides, using the same 
type of light-reactive moiety. This method allows for the creation dynamically controllable 
matrices to study material environments that control gel function. The authors were able to 
predict the crosslink density and the corresponding change in material properties using a 
theoretical model. Finally, cell spreading could be controlled using a degradation gradient, 
in which the encapsulated cell area was the largest in the most degraded parts of the gel.22 In 
follow-up work, Wang and coworkers were able to change cell fate, redirecting valvular 
myofibroblast into dormant fibroblasts, by photolytically reducing the Young’s modulus of 
the substrate from 32 kPa to 7 kPa using this type of photoresponsive hydrogels.23 In a 
different approach, a poly(ethylene glycol) hydrogel was functionalized with different oNBs 
and could be step-wise degraded, allowing for the selective release of encapsulated cells from 
the material.6  
Coumarin moieties can be employed as photocages: photoresponsive protecting groups 
(Scheme 1d). De Gracia Lux and coworkers developed a crosslinker based on a 
bromohydroxycoumarin (Bhc), an ornithine (Orn) moiety and two acrylates. 
Copolymerization with acrylamide gave covalently crosslinked polyacrylamide (PAAm) 
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hydrogels.13 The coumarin moiety cleaves upon exposure to ultraviolet (UV) or near-infrared 
(NIR) light. This process is followed by decarboxylation, leading to an unprotected ornithine 
which efficiently forms a lactam when an ester is present at the C-terminus. Effectively, the 
lactamization process cleaves the crosslinker over time. Full degradation of the crosslinked 
hydrogel was achieved after prolonged exposure to UV or NIR light, and encapsulated 
proteins, cells or iron oxide particles could be released from the gel during 20 hours of 
exposure. This approach holds promise for tissue engineering and other biomedical 
applications, because biocompatible NIR light offers the advantage to degrade the hydrogel 
and release the encapsulated proteins or cells, whilst conventional approaches require 
cytotoxic UV light. 
A different approach to form a photocleavable hydrogel utilizing a coumarin moiety was 
demonstrated by Azagarsamy and coworkers.24 A coumarin-functionalized PEG hydrogel 
was formed, and irradiation with 365 or 405 nm UV-light resulted in efficient cleavage of the 
benzylic ester of the coumarin moiety leading to the network degradation. Additionally, 
degradation was also achieved using two-photon absorption, using light with a more 
biocompatible wavelength of 810 nm.  
All of the hydrogels described above are flexible materials with a densely crosslinked 
single-polymer architecture. In such dense flexible networks, the crosslinkers are 
homogeneously distributed in the material, and crosslinker cleavage results in a significant 
change in architecture and consequently a direct mechanical response. Natural hydrogels, 
however possess a semiflexible, fibrous architecture (see Chapter 1). The network 
architecture significantly affects the mechanical properties of the material, which should be 
taken into account when a biomimetic material is desired. A synthetic hydrogel with a similar 
fibrous architecture is based on polyisocyanide (PIC) polymers, grafted with oligo-ethylene 
glycol tails (paragraph 1.1.2.3). A PIC network can be crosslinked intra-fibrillar (see  
Chapter 2), without changing the architecture. Such a fibrous network, crosslinked with 
photocleavable crosslinks is expected to respond differently to light-induced crosslink 
deterioration, because each bundle is stabilized by several crosslinks. Degradation of a single 
or a few crosslinks may not directly reduce the bundle integrity and stiffness, and the effect 
of exposure to UV light is therefore different than in flexible hydrogels. 
In this chapter, we crosslink the polyisocyanide networks using a photocleavable 
crosslinker, to obtain photoresponsive polyisocyanide hydrogels (Figure 1). We describe two 
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approaches; both are bivalent crosslinkers similar to the crosslinkers described in Chapter 2.  
In the first approach we utilize a bifunctional crosslinker bearing the ortho-nitrobenzene 
moiety, which is efficiently cleaved upon exposure to 365 nm UV-light. To move away from 
the UV light, we designed a second photocleavable crosslinker based on coumarin, but 
synthetic challenges prevented us from experimentally applying our design.  
 
4.2 Results and discussion 
We employed the semiflexible (ethylene glycol)-grafted polyisocyanide PIC 1 polymer 
(Scheme 2) as a model system for a fibrous polymer hydrogel.25 An aqueous solution of PIC 
reversibly forms a branched, fibrous gel when heated above its lower critical solution 
temperature (LCST). We decorated these polymers with azide groups (3.3 mol-%) to allow 
fast and efficient crosslinking using strain-promoted azide-alkyne click chemistry (SPAAC), 
as was introduced and investigated in Chapter 2. The crosslinks prevent disintegration of the 
polymer bundles upon cooling, and effectively remove the LCST behavior. We pursue two 
methods to introduce controlled bundle disintegration, based on photocleavable crosslinkers 
2a and 2b (Scheme 2), both functionalized with two aza-dibenzocyclooctyne (DBCO) 
moieties.26-27 For control experiments we used the non-cleavable crosslinker 2c (Scheme 2). In 
the first case, an ortho-nitrobenzene moiety was introduced in the crosslinker backbone, 
resulting in crosslinker 2a (Scheme 2). The synthesis of 2a and the first steps of the synthesis 
2b are discussed below, as well as preliminary mechanical analysis of a 1+2a crosslinked PIC 
hydrogel.  
 
Figure 1. Schematic representation of the formation and degradation of a photocleavable crosslinked PIC hydrogel.  
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Scheme 2. Gel components: PIC 1 (yield: 96%, 3.3-mol-% N3, Mv = 529 kg mol-1) and crosslinkers 2a, 2b and 2c. 
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4.2.1 Ortho-nitrobenzene-based crosslinker 2a 
The bivalent crosslinker 2a, similar in structure to the crosslinker described in Chapter 2, was 
prepared in a one-step synthesis from commercially available compounds (Scheme 3a). The 
synthesis involved a straightforward amidation reaction between DBCO-amine and a 
precursor consisting of a DBCO moiety and a NHS-ester-functionalized ortho-nitrobenzene 
Scheme 3. a) Synthesis of of photocleavable crosslinker 2a. Conditions: N,N-diisopropylethylamine, dichloromethane, 
rt, 16h. Yield: 50%. b) Degradation of crosslinker 2a upon irradiation with 365 nm UV light. 
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moiety, connected by a tetraethylene glycol spacer. After the coupling reaction the crosslinker 
was easily purified using flash chromatography. 
To test if crosslinker 2a is indeed photocleavable, an aqueous solution of crosslinker 2a 
was irradiated with 365 nm UV light whilst intermittently measuring the absorbance 
spectrum (Figure 2). In the absorbance spectrum of 2a before irradiation (Figure 2, red curve) 
three distinct peaks can be identified, at λ = 296, 313 and 354 nm. The first two peaks are the 
absorbance by the DBCO moieties, as described in Chapter 2.28 The broad peak at 354 nm is 
the absorbance by the oNB moiety.6 A significant red shift from λ = 354 nm to λ = 390 nm is 
observed during the irradiation. After 15 minutes of irradiation, the solution was analyzed 
using mass spectrometry. Indeed, the mass of crosslinker 2a (m/z = 1129.4, M+Na+) is no 
longer detected. Instead, two masses of m/z = 809.3 (compound 2x, M+Na+, Scheme 3b) and 
m/z = 276.5 (DBCO-amine, M+H+) were detected, which indicates that full oNB-cleavage is 
achieved after 15 minutes of irradiation (Scheme 3b). 
To form a crosslinked gel, a pre-cooled aqueous solution of crosslinker 2a was added to 
an equivolumnar solution of PIC 1 in water. This mixture was heated into the gel phase where 
the SPAAC reaction is allowed to take place for 1 hour, whilst measuring the storage modulus 
G’ using rheology. The rheology experiments confirm that the hydrogel is crosslinked, since 
the material remains an elastic gel below the LCST of PIC 1 (Figure 3a). We can use the moduli 
 
Figure 2. UV-Vis spectra of crosslinker 2a (4 vol.% DMSO in milliQ water, [2a] = 104 µM) whilst irradiating with 365 
nm UV light (TLC lamp). Spectra taken every minute for 10 minutes (red  blue curves), and a spectrum taken after 
15 minutes of irradiation (black curve). Increasing and decreasing peaks are indicated with arrows. The 2 peaks at  
λ =  290 and 309 nm are the absorbance of the DBCO moieties. 
300 350 400 450 500
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Ab
so
rb
an
ce
, A
 (a
.u
.)
Wavelength, λ (nm)
98 | Chapter 4 
 
of the samples at different Q, determined in Chapter 2, to estimate the effective crosslink 
density in the 1+2a crosslinked hydrogel. At Q =  [DBCO] / [N3] = 1, we found the gel stiffness 
at T = 5 °C to be 62% of that at 37 °C, and an associated crosslink density of 50 µM was 
determined. This result implies that the crosslinked networks behave similar to the 
crosslinked materials reported in Chapter 2. 
Using a rheometer fitted with a UV-LED array in the bottom plate, the mechanical 
response of the crosslinked hydrogel 1+2a to UV light was determined. The light passed 
through a high-pass UV-filter (cutoff λ = 350 nm) to reduce absorption by the PIC backbone 
(see Chapter 2) and the DBCO moieties (Figure 2). The materials were homogeneously 
irradiated with 365 nm light, with an intensity of 5 mW cm-2 at T = 5 °C, whilst measuring the 
storage modulus (Figure 3a). Indeed, the stiffness of the gels decreases significantly during 
irradiation, as a result of crosslink degradation. This process stops immediately when the 
light source is turned off (Figure 3a). Interestingly, the stiffness of the control material, PIC 1 
crosslinked with a non-cleavable crosslinker 2c, is also affected by the UV-light. The storage 
modulus of the control sample increases during irradiation. Tentatively, we attribute the 
stiffening to local heating of the sample, which has significant consequences for the 
mechanical properties of crosslinked PIC hydrogels, as is reported in Chapter 2. 
Alternatively, the modulus increase could be an effect caused by background absorption and 
the resulting side-reactions involving one or several of the network components. After the 
irradiation was stopped, G’ of the control sample slowly decreases again, which implies that 
the stiffening process is at least partly reversible.  
 
Figure 3. Storage moduli G’ of crosslinked polyisocyanide hydrogels 1+2a (blue) and 1+2c (red). The irradiation steps 
are indicated in yellow. In all experiments, [1] = 1 mg mL-1, 104 µM azide groups, [2a] or [2c] = 52 µM, T = 5 °C.  
a) G’ upon irradiation with UV light (λ = 365 nm, 5 mW cm-2, 15 min) b) G’ upon intermittent irradiation with UV light 
(λ = 365 nm, 5 mW cm-2, 6*5 min followed by 15 min) c) G’ upon irradiation with higher intensity UV light (λ = 365 nm, 
20 mW cm-2, 30 min). 
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The UV-responsive behavior is repeatable, and several shorter irradiation steps of  
5 minutes each result in a decrease in modulus of hydrogel 1+2a, and an increase in modulus 
of hydrogel 1+2c (Figure 3b). This behavior confirms that crosslinker 2a is cleaved upon 
exposure to the UV-light, allowing the bundles to disintegrate. The gel re-stiffens slightly 
between illumination steps, which is probably caused by relaxation of the network and 
reorientation of the polymer bundles, now possible due to a lower crosslink density. Because 
of this reorientation, new crosslinks might be formed by partly unreacted crosslinkers, 
resulting in the observed stiffness increase between irradiation steps. Additionally, the 
cleaving reaction (Scheme 1c) might be reversible before decarboxylation, and because the 
products of a cleaving reaction cannot diffuse out of the bundle the crosslinks might simply 
be re-formed. These crosslink formation processes could also explain why step-wise 
irradiation (Figure 3b) is less effective than long exposure (Figure 3a). Although the storage 
modulus decreases during irradiation, after 7 consecutive irradiation steps no decrease in 
stiffness is observed anymore, even when the duration of the irradiation is increased to  
15 minutes. 
When the crosslinked gels were irradiated for 30 minutes with 4 times higher intensity UV 
light (20 mW cm-2, Figure 3c), a more significant increase in stiffness of the control sample 
1+2c was observed, which reaches a plateau after roughly 20 minutes. After the irradiation 
was stopped, the modulus decreased only slightly, and a much stiffer gel than before the 
irradiation remains. The cleavable gel 1+2a also shows interesting behavior, as a significant 
decrease in modulus is observed during the first 5 minutes of irradiation, followed by a slight 
increase in stiffness. After roughly 15 minutes of irradiation the storage modulus decreases 
steadily until the light source is turned off at t = 30 minutes. This behavior emphasizes the 
complexity in these crosslinked materials. During irradiation, at least two separate processes 
occur simultaneously; one leading to an increase and the other to a decrease in modulus. The 
extent of each process is largely affected by the intensity and the duration of the UV 
irradiation (Figure 3). 
One should note that the conditions of the experiments described above were not ideal. 
We used an actively cooled electronically heated top plate for temperature control, which is 
less accurate than the commonly used Peltier element and responds relatively slowly to 
changes in sample temperature. Solvent evaporation and sample heating caused by the UV 
light were therefore difficult to prevent. 
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4.2.2 Coumarin-based crosslinker 2b 
UV-light at 365 nm is not biocompatible, as cells undergo apoptosis when exposed this type 
of irradiation,29 and in addition the UV light causes side reactions in the crosslinked hydrogel. 
To move away from UV light, a more biocompatible near-infrared (NIR) light cleavable 
crosslinker is proposed. We designed a linear crosslinker 2b (Scheme 2), functionalized with 
a bromohydroxycoumarin photocage-protected ornithine in the backbone. The proposed 
synthesis of the crosslinker is described in Scheme 5a. A precursor of the coumarin photocage 
was prepared as depicted in Scheme 4. Coumarin 3 was synthesized in a single step from 
4-bromoresorcinol and ethyl 4-chloroacetoacetate following a literature procedure.30 Next, 
the chloride was substituted to obtain the benzylic alcohol by refluxing compound 3 in water, 
yielding compound 4.31 To avoid side reactions, the aromatic alcohol was selectively 
protected with a methoxymethyl ether, resulting in coumarin 5.31 Precursor 6 was prepared 
from compound 5 using 4-nitrophenyl chloroformate and 4-dimethylaminopyridine in DCM. 
Finally, compound 6 was immediately coupled to Fmoc-protected ornithine, yielding the 
diprotected precursor 7 (Scheme 4).13  
 
Scheme 4. Synthesis of photocage-protected ornithine 7. Conditions: i) ethyl 4-chloroacetoacetate, methanesulphonic 
acid, 2h, rt. Yield: 95% ii) water, reflux, 7d. Yield: 72%. iii) chloromethyl methyl ether, N,N-diisopropylethylamine, 
dichloromethane, 80 min, rt. Yield: 86%. iv) 4-nitrophenyl chloroformate, 4-dimethylaminopyridine, dichloromethane, 
7h, rt. v) 5, N,N-diisopropylethylamine, N,N-dimethylformamide, 16h, rt. Yield: 36% over 2 steps.  
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To allow intramolecular lactamization (Scheme 1d), an ester at the C-terminus of ornithine 
is required. We followed the synthetic strategy of coupling an N-protected α,ω-aminoalcohol 
spacer which also introduces an aminogroup for the NHS-coupling to the DBCO units. In our 
hands esterification reaction, as described by de Gracia Lux and coworkers,13 did not yield 
any product; after the reaction, the starting materials were obtained. We found that with 
different substituents and protecting groups the solubilitty of the starting material was very 
low. Under slightly different conditions, we were able to couple N-Boc-aminopropanol 
successfully propanolamine to the coumarin-protected ornithine using conventional 
carbodiimide chemistry. Although this approach did, amongst other products, yield the 
desired compound 8b (indicated by mass spectrometry), full cleavage of the coumarin 
followed by internal lactamization of the ornithine moiety was observed during purification, 
rendering us unable to obtain the target compound. The internal reactivity of the photocage-
protected ornithine, as soon as an ester is formed at its C-terminus, renders its purification 
and handling relatively difficult. Great care should be taken to avoid any exposure of the 
material to UV and NIR light, especially during the purification process. Several other 
pathways were screened, described below, using the model compound Fmoc-Orn(Boc)-OH 
(Scheme 5b). 
A Mitsunobu coupling  (Scheme 5b, Appendix Scheme A1 for mechanism32), using a slight 
excess of diphenylcyclohexylphosphine and diethylazodicarboxylate (DEAD) in THF under 
inert atmosphere, did not lead to significant ester formation. Both the alcohol and the 
carboxylic acid were retrieved after the reaction. An alternative approach to a Mitsunobu 
coupling (Scheme 5b), in which the betaine (see Appendix Scheme A1) is preformed by 
adding DEAD to the phosphine at T = 0 °C before adding the carboxylic acid and the alcohol,33 
was also unsuccesful. Finally, an esterification using thionyl chloride (Scheme 5b) was 
attempted but this approach resulted in full removal of the Fmoc and Boc protecting groups. 
Time constraints forced us to abolish this approach towards a photocleavable crosslinker. 
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Scheme 5. a) Proposed synthesis of crosslinker 2b or 2d. Conditions: vi) N-Boc-ethanolamine (8a) or  
N-Boc-propanolamine (8b), 4-dimethylaminopyridine, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, 
dichloromethane, overnight, rt. vii) 1. Trifluoroacetic acid, dichloromethane. 2. Piperidine, N,N-dimethylformamide. 
viii) dichloromethane, overnight, rt. b) Screened pathways for the synthesis of model compound 11. Conditions:  
ix) N-Boc-ethanolamine, diethylazodicarboxylate, diphenylcyclohexylphosphine, THF, inert atmosphere, overnight, 
rt. Yield: 0%. x) Diphenylcyclohexylphosphine, diethylazodicarboxylate, N-Boc-ethanolamine, Fmoc-Orn(Boc)-OH, 
THF, inert atmosphere, overnight, rt. Yield: 0%. xi) N-Boc-ethanolamine, triethylamine, thionylchloride, water, DCM, 
rt, overnight. Yield: 0%. 
Towards a Photoresponsive Fibrous Hydrogel | 103 
 
 
 
4.3 Conclusions 
A UV-cleavable crosslinked PIC hydrogel was obtained by crosslinking the material with the 
ortho-nitrobenzene-based crosslinker 2a. The modulus of the material reduced significantly 
when exposed to UV-light with λ = 365 nm. The stiffness of the control sample, PIC 1 
crosslinked with a non-cleavable crosslinker 2c, increased when exposed to the same 
irradiation and this effect was shown to be dependent on the illumination intensity. The 
modulus increase was also observed in the 2a-crosslinked material when the irradiation 
intensity was increased, and it was probably caused by local heating of the samples and/or 
UV-induced side-reactions in the polymer networks. The irradiation-dependent modulus 
increase, together with the rather low biocompatibility of UV-light, renders this 
photocleavable material inappropriate for e.g. tissue engineering applications. Also, full 
cleavage of the material was not achieved, even after 30 minutes irradiation with relatively 
high intensity UV-light an elastic hydrogel remains. Further research into the effects of UV-
irradiation on PIC hydrogels is required to understand the effects of the highly energetic light 
on the materials and to further design and prepare suitable (UV-)cleavable crosslinkers. 
Additionally, the functionalization of the oNB ring should be considered, since differently 
functionalized oNB moieties can be cleaved using visible light.19, 34 
The synthesis of a biocompatible, NIR-cleavable crosslinker 2b was attempted, but 
challenges in the synthesis together with time constraints rendered us unable to complete the 
preparation. A successful esterification of the Bhc-protected ornithine and 
N-Boc-aminopropanol using carbodiimide chemistry was achieved, but purification remains 
an issue, since the product degrades during flash chromatography. Further research into the 
purification of this compound, for example by performing the flash chromatography in an 
UV-shielded room, should provide a pure compound which is only one reaction step away 
from the desired crosslinker. 
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4.4 Experimental 
General 
1H- and 13C-NMR spectra were recorded on a Bruker Avance III 500MHz (126 MHz for 13C) 
spectrometer. IR spectra were recorded on a Bruker TENSOR 27. All mass-spectra were 
recorded on a Thermo Finnigan LCQ Advantage Max system. For viscometry measurements 
the polymers were dissolved in acetonitrile (0.1 – 0.6 mg ml-1) and the intrinsic viscosity of 
these solutions was measured at T = 25 °C. The average viscosity molecular weight, Mv, of 
the polymers was calculated using the empirical Mark–Houwink equation: [𝜂𝜂] = 𝐾𝐾𝑀𝑀𝑣𝑣𝑎𝑎. 
Where [η] is the intrinsic viscosity of the polymer solution as determined from viscometry 
measurements and Mark–Houwink parameters K and a depend on solvent and polymer 
characteristics. We used parameter values that were previously determined for other 
polyisocyanides: K = 1.4 × 10−9 and a = 1.75.35 All compounds were used as purchased unless 
specifically mentioned otherwise. 
 
Rheology 
Rheological measurements were carried out on a TA Instruments Dynamic Hybrid Rheometer 2 
fitted with a 25 mm parallel plate geometry, and a UV LED accessory with λ = 365 nm and a 
high-pass UV-filter (cutoff λ = 350 nm). A geometry gap of 500 µm was used. To measure the 
linear regime (G0), the sample was heated to the desired temperature, and after a short 
waiting period for equilibration the complex modulus G* was measured by applying an 
oscillating deformation of amplitude γ = 0.04 at frequency f = 1 Hz. 
 
Sample preparation 
For rheology experiments, a solution of 1 (2 mg mL-1) was prepared by overnight dissolving 
dry polymer in the appropriate amount of milliQ water at 4 °C with occasional shaking. All 
polymer solutions were stored at -20 °C prior to use. A solution 2a (2.59 mg mL-1 in DMSO-d6) 
was diluted with milliQ water such that an equivolumnar mixture of polymer and crosslinker 
contains the desired ratio azide and DBCO groups (1:1). The solutions were mixed in a pre-
cooled glass vial, briefly homogenized and used immediately. 
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Synthesis 
Polyisocyanide polymer 1 
The commercially available methoxy-terminated isocyanide monomer was purified by flash 
chromatography (SiO2, 1:3 MeCN:DCM) before use. The purified monomer (350 mg,  
1.11 mmol) and the azide functionalized isocyanide monomer (14.3 mg, 38.5 µmol) were 
dissolved in freshly distilled toluene (6 mL). A catalyst stock solution of 1 mM Ni(ClO4)2·6H2O 
in freshly distilled toluene/ethanol (9:1) was prepared. 228 µL of the stock solution was 
diluted to 1 mL using freshly distilled toluene and added to the monomer solution. The 
resulting mixture was stirred for 72 h at room temperature. Afterwards, the reaction mixture 
was diluted with DCM (5 mL) and the product was precipitated in diisopropyl ether (100 
mL). After filtration, the polymer was redissolved in DCM (5 mL) and reprecipitated in 
diisopropyl ether (100 mL). This procedure was repeated two more times. The product was 
obtained as a pale yellow solid, yield: 352 mg (96 %). FT-IR νmax film (cm-1): 3269, 2874, 1741, 
1657, 1533, 1457, 1324, 1272, 1216, 1121, 1065, 963. Mv = 529 kDa, UV-Vis λmax (25 °C, milliQ) = 
245 nm.  
 
UV-cleavable crosslinker (2a) 
DBCO-amine (2,9 mg, 10.5 µmol) and diisopropyl ethylamine (DIPEA, 50 µL, 288 µmol) were 
dissolved in freshly distilled DCM (2 mL) under inert atmosphere. A solution of DBCO-
PEG4-ortho-nitrobenzene-NHS ester (10 mg, 10.5 µmol) in freshly distilled DCM (2 mL) was 
added and the reaction mixture was stirred over night at room temperature. Afterwards, the 
solvents were removed in vacuo and the crude product was purified using flash 
chromatography (SiO2, 50 to 100% Acetone in DCM) to yield 5.9 mg (5.3 µmol, 50%) of the 
product as a colorless oil. 
1H-NMR (500 MHz, DMSO, ppm) δ: 7.94 (d, 1H, NH), 7.68 (m, 2H, ArH), 7.62 (m, 2H, ArH), 
7.54 (m, 1H, C2H), 7.42-7.13 (m, 12H, ArH), 7.02 (d, 1H, C5H), 6.02 (dd, 1H, C8H), 5.02 (dd, 
2H, C10H), 4.04 (q, 4H, CH2NH), 3.85 (s, 1.5H, C7H), 3.82 (s, 1.5H, C7H), 3.50 – 3.30 (m, 24H, -
O-CH2-CH2- and C10H), 3.18 (m, 1H), 2.23 (q, 2H), 2.15 (t, 1H), 1.94 (m, 2H), 1.79 (m, 2H), 1.45 
(t, 3H, C9H3). 13C-NMR (126 MHz, DMSO, ppm) δ: 171.72 (C11), 170.26 (C14), 170.08, 151.43 
(C6), 148.41 (C1), 146.82 (C8), 132.45 (C4), 129.60, 129.05, 128.33, 128.16, 127.83, 126.88, 125.29, 
122.51, 121.48, 114.36, 108.48 (C2 and C5), 69.82 (-CH2-CH2-O-), 69.80 (-CH2-CH2-O-), 69.77 (-
CH2-CH2-O-), 69.68 (-CH2-CH2-O-), 69.61 (-CH2-CH2-O-), 69.52 (-CH2-CH2-O-), 69.14 (-CH2-
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CH2-O-), 68.37 (-CH2-CH2-O-), 66.72 (C8), 56.24 (C7), 54.91 (C10), 38.62, 36.02, 35.04 (C12), 34.49 
(C13), 34.22, 31.59, 30.78, 24.73 (C9), 21.95. Mass analysis (m/z): 1129.4 (M+Na+). 
  
 
6-Bromo-4-chloromethyl-7-hydroxycoumarin (3)30  
To a solution of 4.31 g (22.9 mmol) of 4-bromoresorcinol in methanesulphonic acid (30 mL) 
was added ethyl 4-chloroacetoacetate (4.6 mL, 34 mmol) while stirring. The resulting amber 
solution was stirred for 2 hours at room temperature. The reaction mixture was poured into 
ice water (50 mL) and stirred for 2 hours to give a fine precipitate. The precipitate was 
collected by filtration, washed with cold water, and dried in vacuo over P2O5 to yield 6.25 g 
(21.6 mmol, 95%) of the product as a white solid. The analysis results matched those reported 
in literature.30 
 
6-Bromo-7-hydroxy-4-hydroxymethylcoumarin (4)36 
A suspension of 7.1 g (24.05 mmol) of 3 in water (150 ml) was refluxed for 7 days. The 
resulting solution was cooled and evaporated to give 4.8 g (17.7 mmol, 72%) of 2 as a brown 
powder. No further purification was necessary. The analysis results matched those reported 
in literature.36 
 
6-Bromo-7-methoxymethoxy-4-hydroxymethylcoumarin (5)31 
To a stirred suspension of 2.1339 g (7.9 mmol) of 4 in CH2Cl2 (10 mL) was added 1638 µL (9.4 
mmol) of diisopropyl ethylamine and 715 µL (9.42 mmol) of chloromethyl methyl ether. The 
reaction mixture as stirred at room temperature for 80 min. The reaction mixture was diluted 
with CHCl3 (30 mL), washed with an aqueous solution of citric acid (0.5 M, 3x 50 mL) and 
dried over MgSO4. The solvents were removed in vacuo, the resulting solid was redissolved 
in a minimum volume of DCM and subsequently precipitated in heptane (50 mL) to give 2.15 
g (6.82 mmol, 86% yield) of 4. The analysis results matched those reported in literature.31  
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N-(6-Bromo-7-hydroxycoumarin-4-yl)methoxycarbonyl-ornithine-N-(tert-butyl) ester (7)13, 36 
To a stirred solution of 200.9 mg of compound 5 (0.63 mmol) in freshly distilled DCM (25 
mL), 4-nitrophenyl chloroformate (140 mg, 0.7 mmol) and 4-dimethylaminopyridine (DMAP, 
156.7 mg, 1.28 mmol) were added simultaneously. After stirring at room temperature for 7 
hours, the mixture was transferred to a dripping funnel. 
Fmoc-ornithine (250 mg, 0.64 mmol) and diisopropyl ethylamine (2.2 mL, 12.7 mmol) were 
dissolved in dry DMF (10 mL). The freshly prepared solution of 6 was added dropwise to 
this solution, and the reaction mixture was stirred overnight at room temperature. Next, 50 
mL DCM was added and the organic mixture was washed with 3x 50 mL aqueous HCl (2.5 
mM, pH 3-4) and 50 mL brine. The organic layer was dried over MgSO4 and the solvents were 
removed in vacuo. The product was dissolved in a minimum volume of DCM and 
precipitated in diethyl ether, to yield 159.7 mg (23 mmol, 36% over 2 steps) of 5 as a brown 
solid. The analysis results matched those reported in literature.13 
 
Screened synthesis procedures 
Attempted synthesis of 11 – Mitsunobu coupling 
To a solution of 47.8 mg (0.1 mmol) of Fmoc-Orn(Boc)-OH and 16.2 µL (0.1 mmol) of N-Boc-
aminoethanol in freshly distilled THF (5 mL) under inert atmosphere was added 57 µL of a 
40 wt.% solution of diethylazodicarboxylate (DEAD; 0.12 mmol) in toluene. Next, anhydrous 
diphenylcyclohexylphosphine (37 mg, 0.14 mmol) was added at once and the resulting 
solution was stirred overnight at room temperature. Afterwards, the reaction mixture was 
diluted with DCM (50 mL) and was washed with a saturated aqueous solution of NaHCO3 
(2 x 50 mL) and brine (50 mL). The organic layer was dried over MgSO4 and the solvents were 
removed in vacuo. The resulting solids were redissolved in a minimum volume of DCM and 
precipitated in diethyl ether. No product was obtained. 
 
Attempted synthesis of 11 – Alternative Mitsunobu coupling33 
Diphenylcyclohexylphosphine (37.8 mg, 0.14 mmol) was dissolved in THF (5 mL) under inert 
atmosphere and the solution was cooled to 0 °C. Next, 57 µL of a 40 wt.% solution of 
diethylazodicarboxylate (DEAD; 0.12 mmol) in toluene was added, followed by the addition 
of  Fmoc-Orn(Boc)-OH (50 mg, 0.11 mmol) and finally N-Boc-aminoethanol (16.2 µL, 0.1 
mmol). The resulting mixture was stirred overnight at room temperature. Afterwards, the 
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reaction mixture was diluted with DCM (50 mL) and was washed with a saturated aqueous 
solution of NaHCO3 (2 x 50 mL) and brine (50 mL). The organic layer was dried over MgSO4 
and the solvents were removed in vacuo. The resulting solids were redissolved in a minimum 
volume of DCM and precipitated in diethyl ether. No product was obtained. 
 
Attempted synthesis of 11 – Esterification using thionyl chloride 
Fmoc-Orn(Boc)-OH (50 mg, 0.11 mmol), N-Boc-ethanolamine (17 µL, 0.11 mmol) and 
trimethylamine (153 µL, 1.1 mmol) were dissolved in freshly distilled DCM (5 mL). Thionyl 
chloride (16 µL, 0.22 mmol) was added and the resulting mixture was stirred overnight at 
room temperature. Afterwards, the solvents were removed in vacuo. No product was 
obtained. 
 
Attempted synthesis of 8b 
Compound 7 (20.5 mg, 29 µmol), N-Boc-propanolamine (10 µL, 58 µmol) and (N,N)-
diisopropyl ethylamine (10 µL, 58 µmol) were dissolved in freshly distilled DCM (2 mL). The 
solution was cooled to 0 °C and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl salt 
(EDC•HCl; 7.5 mg, 39 µmol) was added at once. The mixture was allowed to reach room 
temperature and stirred overnight. Afterwards, the product was precipitated in diethyl ether, 
and subsequently purified using flash chromatography (SiO2, 1% MeOH in DCM). No 
product was obtained. 
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4.6 Appendix 
  
 
Scheme A1. Mechanism of the Mitsunobu esterification reaction. (Ref. 32) 
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5 
Virus-like Particles as Crosslinkers in 
Fibrous Biomimetic Hydrogels 
Abstract 
Biological hydrogels can become many times stiffer under deformation. This unique ability 
has only recently been realized in fully synthetic gels. Typically, these networks are 
composed of semi-flexible polymers and bundles and show such large mechanical responses 
at very small strains, which makes them particularly suitable for application as strain-
responsive materials. In this work, we introduced strain-responsiveness by crosslinking the 
architecture with a multi-functional virus-like particle. At high stresses, we find that the virus 
particles disintegrate, which creates an (irreversible) mechanical energy dissipation pathway, 
analogous to the high stress response of fibrin networks. A cooling-heating cycle allows for 
re-crosslinking at the damaged site, which gives rise to much stronger hydrogels. Virus 
particles and capsids are promising drug delivery vehicles and our approach offers an 
effective strategy to trigger the release mechanically without compromising the mechanical 
integrity of the host material. 
 
 
This chapter has been published as: 
D.C. Schoenmakers‡, L. Schoonen‡, M.G.T.A. Rutten, R.J.M. Nolte, A.E. Rowan, J.C.M. van Hest and P.H.J. 
Kouwer, Soft Matter 2018, 14, 1442-1448 
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5.1 Introduction 
Mechano-responsive hydrogels play an important role in nature and are crucial for many 
cellular processes.1-2 These gels are mostly composed of polypeptides and proteins, e.g. 
collagen, actin and intermediate filaments, which are crosslinked by proteins and/or metal 
ions. Another interesting example of such a natural gel is fibrin, one of the main structural 
proteins in blood clots.3-4 Upon vascular injury, a fibrin gel is formed, which is one of the most 
resilient materials known, due to its hierarchical architecture of crosslinked fibers. Although 
very soft, the fibrin gel is capable of withstanding severe mechanical deformation, because 
the gel stiffness increases as the stress in the gel increases, an effect called strain or stress-
stiffening. A further increase of stress in fibrin clots result in irreversible disruption of the 
crosslinkers between the fibers in the network, pulling the hierarchically organized subunits 
apart whilst the overall architecture of the gel largely remains intact.5-6 
Structural biological hydrogels hold great promise for biomedical applications, because of 
their biocompatibility, mechanical stability, and bioreactivity.7-8 Synthetic alternatives to 
these soft biomaterials that closely mimic the architectural and mechanical properties are 
relatively rare.9 They would be very useful as they allow, for instance, the fine-tuning of the 
gel properties and the introduction of desired functional groups. For biomedical applications, 
most efforts are currently directed towards the development of crosslinked synthetic or semi-
synthetic hydrogels, which −as a result of their different architecture− lack the characteristic 
mechanical properties of biological materials.10-13 
Recently, we reported a fully synthetic hydrogel, which shows an architecture and 
mechanical properties, including intrinsic strain-stiffening, very similar to biological 
hydrogels.14-15 This dilute gel (< 0.5 wt.-%) is composed of polyisocyanides (PICs) modified 
with oligo(ethylene glycol) side chains. The polymers possess a relatively stiff helical 
backbone and display a lower critical solution temperature (LCST) in water, above which a 
branched, bundled network is formed. The mechanical properties of the resulting PIC 
hydrogels can be tuned, e.g. by varying the polymer’s molecular weight and concentration,16 
as well as by the conditions, such as the temperature and the ionic strength17 of the solution. 
PIC gels combine the architecture and mechanical behavior of biological gels with the 
versatility of synthetic gels, making them particularly interesting for biomedical applications, 
in for instance immunology and regenerative medicine.18-21 
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In contrast to some of the structural biological gels such as fibrin, PIC hydrogels are only 
marginally able to dissipate stress in their network. After the stiffening response at high 
strains, the gels simply fracture. Approaches to toughen synthetic, biocompatible hydrogels 
include the preparation of double network hydrogels,22-24 bio-synthetic hybrids,6, 25 and filled 
nanocomposite gels.26-27 In these approaches, however, biomimicry in terms of architecture is 
often sacrificed for a high polymer density, or the synthetic flexibility is lost by improving 
the biocompatibility (e.g. by making hybrid gels). In another example, tobacco mosaic virus 
(TMV) was mixed with alginate hydrogels, which improved cell attachment and introduced 
a non-linear response to compression in these systems.28-29 The strategy, however, merely 
mixed the two components, missing out on the benefits that covalent interaction between the 
polymers and virus particles bring. 
In fact, crosslinking with sacrificial crosslinkers can increase the stiffness of synthetic 
hydrogels and provide a mechanism for energy dissipation, similar to a fibrin gel. Such 
approach offers the additional advantage of introducing new functionalities when 
supramolecular crosslinks are employed.30 The success of this strategy was recently 
demonstrated in hydrogels with ionic crosslinks and in gels with crosslinkers of biological 
origin, such as DNA fragments and or small proteins and peptides.11, 25, 31-33 The latter have 
the intrinsic advantage of biocompatibility, making them suitable even for in-vivo 
applications. Typically, these crosslinkers are bivalent.  
To our best of knowledge, the use of a supramolecular protein-based nanocage that can 
form multivalent sacrificial crosslinks in a hydrogel has not yet been described in the 
literature. We believe that this type of crosslink not only can stabilize a hydrogel and provide 
a mechanical energy dissipation mechanism, but can also introduce new functions in the 
material. We envisioned to use protein-based nanocages for this purpose, as they are 
monodisperse, biocompatible, and robust. The cowpea chlorotic mottle virus (CCMV) capsid, 
i.e. the empty protein shell of the CCMV virus without the encapsulated endogenous viral 
RNA, is a particularly interesting protein-based nanoparticle. CCMV is a plant virus with an 
outer and inner diameter of 28 and 18 nm, respectively.34 It is composed of 180 identical 
capsid proteins together forming a icosahedral capsid with a Caspar and Klug triangulation 
number T = 3.35 This virus is especially interesting, as its capsid proteins are able to reversibly 
assemble into the T = 3 capsids and disassemble back into protein dimers by changing the pH 
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of the buffer solution, even without the viral RNA being present.36 This pH-sensitive behavior 
allows for the creation of highly symmetric and monodisperse particles which can be used as 
nano-sized carriers for functional cargoes, such as catalysts or enzymes.37-38 CCMV capsids 
have also proved to be useful for applications in materials science, e.g. as components of 
metamaterials.39-40 
Here, we report on the mechanical consequences of covalently crosslinking semi-flexible 
hydrogels with virus-like particles, which act as multi-functional sacrificial supramolecular 
crosslink nodes. We covalently attached CCMV capsids to the PIC-based hydrogels through 
click chemistry techniques (Figure 1). In the composite, we find a fibrin-like energy 
dissipation process that we attribute to stress-induced rupture of the crosslinkers, but a 
cooling cycle allows the material to heal the damaged sites. Additionally, we can tune the 
modulus of the crosslinked gel by changing the degree of functionalization of the particles, 
 
Figure 1. Schematic overview showing the crosslinking of an azide-functionalized polyisocyanide (PIC) hydrogel with DBCO-
functionalized cowpea chlorotic mottle virus (CCMV) capsids. The PIC polymers 1 contain 3 % azide-functionalized 
monomers, 20 % tetra(ethylene glycol) monomers, and 77 % tri(ethylene glycol) monomers. The empty CCMV capsids 3 are 
assembled (pH change) from a mixture of capsid protein dimers with (red wedge, 2) and without (green wedge) attached 
DBCO-groups. 
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as well as the density of particles in the polymer gel. This crosslinked hydrogel could be very 
promising for application in mechanical strain-activated functional materials, such as stress 
sensors or localized drug delivery systems.  
 
5.2 Results and discussion 
5.2.1 Material synthesis and characterization 
To form a covalent link between the PIC polymers and the CCMV capsid nodes, we used a 
strategy based on strain-promoted alkyne-azide cycloaddition (SPAAC) click chemistry. Its 
high efficiency and the lack of an additional catalyst allows us to carry out the crosslinking 
reaction in the gel state at high dilution (Chapter 2). In addition, our groups earlier developed 
the necessary building blocks.41-42 Crosslinkable polymers were acquired by co-polymerizing 
approximately 3% azide-functionalized monomers. To obtain PIC copolymers with an LCST 
between 10 °C and 20 °C in the physiological buffer solutions (required for the virus 
particles17), we added a small amount of tetra(ethylene glycol) functionalized monomer to 
the polymerization mixture (Figure 1).43 Random copolymerization using nickel perchlorate 
as a catalyst followed standard procedures.20 After purification by multiple precipitations, 
the polymer length was determined by viscometry and yielding Mv = 486 kDa and 585 kDa 
for two independently polymerized batches. Hydrogels were formed by dissolving the 
polymers in cold buffer solution (0.2 wt.-%, see Supporting Information) and heating them 
beyond the LCST = 12 °C. The mechanical properties of the hydrogels and crosslinked 
hydrogels were studied by rheology (see Supporting Information for experimental 
procedures and characterization). Attempts to characterize the network by (cryo)electron 
microscopy techniques persistently gave collapsed networks. 
CCMV capsids were equipped with aza-dibenzocyclooctyne (DBCO) groups, the 
complementary group for the SPAAC reaction. To this end, recombinant CCMV capsid 
proteins were expressed in Escherichia coli (E. coli), followed by purification through Ni2+ 
affinity chromatography (see Supporting Information for experimental procedures and 
characterization). Subsequently, the lysines of the capsid protein dimers were aspecifically 
modified with dibenzocyclooctyne-PEG4-N-hydroxysuccinimidyl ester (DBCO-PEG4-NHS) 
molecules, such that a mixture of non-, mono- and bis-DBCO-functionalized capsid protein 
monomers was obtained (Figure 1 and Appendix Figure A1).44 Considering that the capsid 
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proteins are always present as dimers in a neutral environment, the functionalization reaction 
yielded a statistical mixture of dimers 2 with 0-4 DBCO groups per dimer. At decreased pH, 
the modified capsid protein dimers 2 successfully assembled into capsids 3 as indicated by 
size-exclusion chromatography (SEC) analysis. The available DBCO groups on the exterior 
of the capsid are available for the click reaction with the azide-functionalized polymer 1. One 
should realize that because of the aspecific nature of the NHS reaction, of all introduced 
DBCO-groups (on average approximately 90 per particle) a fraction will be unavailable for 
crosslinking, as they may be located in the capsid interior of in the protein coat.  
 
5.2.2 Mechanical properties at small deformations 
Rheology experiments were carried out to evaluate the mechanical properties of the CCMV-
crosslinked and the non-crosslinked hydrogels. For the crosslinking experiments, a pre-
cooled solution of either CCMV-DBCO dimers 2 (in buffer at pH 7.5) or capsids 3 (at pH 5.0) 
was mixed with a cold solution of PIC-N3 1 in the same buffer (Figure 2A). Both the DBCO-
functionalized capsids 3 and CCMV protein dimers 2 should be able to act as crosslinkers in 
the PIC network. The dimer-crosslinked PIC network was included in our study, as a suitable 
model system of a capsid-crosslinked network in which the supramolecular CCMV capsids 
are ruptured due to high stresses, vide infra. The low concentration of crosslink nodes  
(< 100 µM), prevented us from quantitatively following the crosslinking reaction, but earlier 
work showed that this reaction at comparable conditions proceeds fast and in excellent 
yields, even when large (biological) molecules are conjugated.45 Also, the multi-valency of 
the crosslinker allows for the formation of crosslinked networks, even if full conversion of 
the click reaction is not achieved. 
After combining the pre-cooled polymer and the crosslinker solutions, the mixture was 
transferred to the rheometer, which was immediately heated to 25 °C to induce gelation. As 
the click-reaction was allowed to proceed for one hour at this temperature, above the LCST 
of the polymers, the storage modulus G′ was measured (Figure 2B). Both samples containing 
CCMV (dimers: red line and capsids; orange line) and the control samples without the 
crosslinker (dimer buffer; green line and capsid buffer; blue line) clearly formed elastic gels 
at 25 °C. The presence of the crosslinker has a negligible effect on the storage moduli at 
temperatures above the LCST. After cooling to 5 °C, the control samples without crosslinker 
present turned into viscous solutions (Figure 2C) with minimal moduli and high phase angles 
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(tan δ ≈ 0.95). The crosslinked samples remained a gel (tan δ < 0.2), albeit relatively weak; the 
storage modulus of the dimer-crosslinked gel was approximately ten times higher than that 
of the capsid-crosslinked gel. To estimate the crosslink density in the resulting gels, we 
compared the values of G′ to values obtained in earlier work, which were obtained using a 
bivalent crosslinker (Chapter 2). With the comment that the functionality of the crosslinks in 
both systems is rather different, we estimate the crosslink density to be approximately 8 µM 
and 25 µM for capsid and dimer crosslinks, respectively. This difference is explained by the 
fact that at the same protein concentration, the effective crosslinker concentration in the 
dimer-crosslinked gel is much higher than in the capsid-crosslinked gel, as in each virus 
capsid 90 dimers are concentrated. Additionally, not each dimer can act as a crosslinker, as 
some dimers have less than two DBCO groups attached.  
Next, the samples were heated to T = 37 °C to induce the formation of a stiffer gel (PIC gels 
increase in stiffness with temperature due to the increasing persistence length of the polymer 
chains15) and consequently to a stiffer crosslinked network at temperatures below the LCST. 
 
Figure 2. (A) Schematic representation of the four types of PIC gels that were analyzed using rheology. Green: polymer 
1 in pH 7.5 buffer; Red: polymer 1 + CCMV-DBCO capsid protein dimers 2 in pH 7.5 buffer; Blue: polymer 1 in pH 5.0 
buffer; Orange: polymer 1 + CCMV-DBCO capsids 3 in pH 5.0 buffer. (B) Hydrogel storage modulus G′ of the PIC gels 
depicted in Figure A at [1] = 2 mg mL−1 as measured in the linear viscoelastic regime (γ = 4 % and σ < 10 Pa). The 
modulus is plotted as a function of the time. Over time, the temperature of the samples was changed as indicated in 
the graph. The color coding of the curves corresponds to the situation depicted in Figure A. (C) Dimer- (red) and 
capsid-crosslinked (orange) PIC hydrogels, and the non-crosslinked PIC solution at pH 5.0 (blue) at 5 °C (II and IV 
coincide with the temperature zones in B). For visualization, the gels were stained with 6.7 µM Rhodamine B. 
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At elevated temperatures, all samples mechanically behave identical again. After cooling 
back to 5 °C, the difference between the crosslinked samples and the controls became even 
more apparent. While both non-crosslinked controls returned to a viscous liquid, storage 
moduli of soft gels were obtained for the gel with capsid crosslinks 3 (G′ = 9 Pa) and with 
dimer crosslinks 2 (G′ = 80 Pa). 
The higher stiffness of the dimer-crosslinked gel is the result of the higher crosslinker 
density. To further investigate the effect of crosslinker concentration, we performed two more 
experiments for which we prepared three batches of capsids with different degrees of DBCO-
functionalization, which was controlled by varying the time that the functionalization 
reaction was allowed to proceed. In the first experiment, the DBCO concentration was kept 
constant, but was distributed over fewer capsids, i.e. the DBCO density per capsid increased 
(schematically depicted below Figure 3A). Note that non- functional capsids were added to 
keep the total capsid concentration constant over the experiment. After the abovementioned 
heating and cooling protocol (25→5→37→5 °C), we similarly estimated the crosslink density, 
referenced to our earlier work (Figure 3A). When DBCO is distributed over more capsids (i.e. 
at lower DBCO concentration per capsid), the gels show a higher modulus, indicative of a 
higher crosslinking density. When the density of capsids was kept constant, but the DBCO 
density per capsid was changed (Figure 3B), modulus and crosslink density variations were 
insignificant. The results confirm that in our multi-functional CCMV capsid crosslinker, it is 
the capsid density and not the degree of DBCO-functionalization of the capsid that limits the 
crosslinking density and with that, the mechanical properties of the gel at low temperatures.  
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Figure 3. Estimated crosslink concentration of PIC gels, crosslinked with different amounts of CCMV capsids with 
different functionalization degrees. (A) Comparison of three gels, in which the total DBCO and capsid concentrations 
were kept constant, while varying the amount of DBCO-modified capsids (crosslinkers). As a reference, the estimated 
crosslink concentration of dimer-crosslinked gels is shown left. (B) Comparison of three gels, in which the amount of 
DBCO-modified capsids (crosslinkers) and total capsid concentration were kept constant, while varying the degree of 
DBCO functionalization. 
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5.2.3 Mechanical properties at large deformations 
Due to the bundled, semi-flexible architecture of PIC hydrogels, they show intrinsic strain-
stiffening behavior at low stresses, i.e. they reversibly stiffen upon deformation beyond a 
critical value.2, 46 This stress-response is uncommon in synthetic gels, but many hydrogels of 
structural biopolymers, such as actin, fibrin and collagen show the same behaviour.5, 47 In 
these gels and also in our PIC gels, the network architecture does not change on deformation. 
Rather, the semi-flexible nature of the bundles or fibrils give rise to the stiffening effect, which 
–in the absence of architectural changes– is instantaneous and completely reversible. Very 
recently, some flexible composite gels with complex architectures have been demonstrated 
to also display strain-stiffening, although the exact stiffening mechanisms of these systems 
remain unclear.48-49 
An alternative mechanism to obtain stiffer gels during or after deformation is found in 
gels that change their composition or architecture when the sample is strained.50-52 In contrast 
to the aforementioned mechanism, this type of strain-stiffening is slower and far from 
reversible. The PIC gels are intrinsically strain-stiffening, but when crosslinked with self-
assembled virus-capsids, we also find the second mechanism in our material. 
In semi-flexible networks at high deformation, the storage modulus is no longer a constant 
and it is more accurate to describe the mechanical properties by the differential modulus,  
K′ = ∂σ/∂γ (where σ is the applied stress and γ is the resulting strain). At low stresses K′ = G′, 
but at stresses beyond a critical value σc, the differential modulus becomes stress-dependent: 
K′ ∝ σm, where m is the stiffening index, a measure for the magnitude of the stiffening 
response. Rheology measurements of the capsid-crosslinked gels (at pH 5) revealed that the 
crosslinked PIC gels, indeed, show strain-stiffening behavior above the same critical stress 
value, analogous to the non-functionalized PIC hydrogel. Additionally, for both the non-
functionalized and crosslinked gel, the same stiffening index m = 1.4 (Figure 4A). At high 
stresses, the non-crosslinked gel 1 (orange data) fractures at applied stresses between 100 and 
200 Pa. Gels containing a small molecule crosslinker, DBCO-PEG4-DBCO, are more stable 
towards stress and continue to stiffen (light blue data, see Chapter 2). Interestingly, the 
capsid-crosslinked gel shows a plateau in K′ between σ = 140 and 200 Pa (purple data). 
Between samples, the plateau is reproducible, but shifts between higher or lower stresses 
between 100 and 200 Pa. Such plateau is also observed for fibrin hydrogels, where it is 
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Figure 4. (A) Differential modulus K′ as a function of stress σ for crosslinked PIC gels ([1] = 2 mg mL-1) in the nonlinear 
viscoelastic regime. DBCO-functionalized capsid crosslinkers (purple data) are compared to a short DBCO-PEG4-
DBCO crosslinker (light blue data). As a control, the behavior of the PIC gel without crosslinker was measured (orange 
data). The stiffening index was calculated by fitting the experimental data to a power law. (B) Recovery of the storage 
modulus G′ after applying stresses σ just below (120 Pa) or above (320 Pa) the observed plateau (see Figure A) for 
DBCO-functionalized CCMV capsid crosslinkers, at T = 25 °C. (C) Recovery of G′ at 5 °C, i.e. after allowing for healing 
through re-crosslinking. LVE = linear viscoelastic regime. The error bars represent the standard deviation of two or 
more measurements.  
 
 
Figure 5. Differential modulus K’ as a function of stress σ for DBCO-CCMV capsid 3 crosslinked PIC gels. The 
crosslinked gel was first subjected to a constant pre-stress σ0 from 60 Pa to 320 Pa (loading, orange), after which the 
pre-stress was decreased from 320 Pa to 60 Pa (unloading, purple). Subsequently, the stress was increased again from 
60 Pa to 900 Pa (reloading, pink). 
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attributed to breaking of the crosslinks within the protein bundles.4-5 Fibrin is unique in this 
aspect; to the best of our knowledge, no other biological or synthetic material features this 
behavior. The presence of the plateau in the crosslinked PIC gels suggests that as the stress 
keeps on increasing the energy is dissipated in another way in the hydrogel. We hypothesize 
that this observed energy dissipation is linked to the irreversible disassembly or rupture of 
the CCMV capsids at high stresses.  
For additional support for capsid rupture, we subjected the capsid-crosslinked hydrogel 
to a mechanical deformation program. In the first step, the stress was gradually increased to 
before (green date) or beyond (orange data) the plateau stress. Subsequently, the stress was 
released step-wise whilst measuring K′ (Figure 5). The plateau was not observed in this case, 
which indicates that the network changes indeed are permanent. Next, the gel was 
re-subjected to a gradual stress increasing. Now the plateau at ~150 Pa disappeared, but at 
much higher applied stress, σ = 450 Pa, a new plateau was found, which suggests that the 
remaining capsids, capsid fragments, and dimers rearranged and can dissipate stress once 
again. 
Subsequent experiments were aimed at further unravelling the effect of high and low 
stress on the crosslinked network. In short, two samples are compared where one is deformed 
below the plateau stress (to σ = 120 Pa, green arrow Figure 4A) and one is deformed above 
the plateau stress (to 320 Pa, red arrow Figure 4A). In one approach, the sample was kept in 
the gel phase, where the mobility of the polymer chains is low, which will prevent significant 
crosslinking reactions. In a second approach, we cool the gel after deformation and measure 
the mechanical properties at 5 °C, where loose end of the polymer can disassemble and 
participate in the crosslinking process. In the third approach, where we aimed to deform the 
sample at 5 °C, the gel was too soft to withstand 100 Pa stress and the sample broke 
prematurely. Note that the temperature program has no effect on the PIC network itself. 
The results of the first approach (method A) are shown in Figure 4B. The samples were 
subjected to stresses just below (σ = 120 Pa) or above (σ = 320 Pa) the plateau. After the stress 
was removed, the storage modulus G′ in the linear viscoelastic (LVE) regime (γ = 4 %) of the 
gel was measured and compared to the initial stiffness before the stress was applied  
(Figure 4B). At T = 25 °C, gels that were subjected to a stress of σ = 120 Pa fully regained their 
original stiffness. Gels stressed above the plateau showed a small decrease in stiffness after 
the mechanical program. Rupture of the capsids results in permanent network changes, 
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which even at 25 °C, i.e. above the LCST result in a small decrease in the mechanical 
properties.  
When the capsids are pulled apart, smaller subunits are formed (down to dimers), which 
will still have unreacted and accessible DBCO groups available that can participate in a 
subsequent crosslinking reaction as soon as they have the mobility to find a free azide. 
Cooling the gel below the LCST will provide such mobility and is expected to yield additional 
crosslinks at the damaged site, thereby improving the mechanical properties of the entire 
material. To confirm this assumption, the gel was subjected to stress beyond the plateau stress 
(to σ = 320 Pa) and the stress was released again. Then the gel was cooled to 5 °C, allowing 
re-crosslinking. Remarkably, the modulus of the cooled gel after deformation was over three 
times that of the gel before deformation (Figure 4C), strongly supporting the suggested 
healing mechanism. A gel stressed to σ = 120 Pa shows a similar effect, but much less 
pronounced.  
 
5.3 Conclusions 
We have described a new supramolecular crosslinking strategy towards biomimetic 
hydrogels, using protein-based viral capsids as hierarchical crosslinks. Similar to the strong 
natural fibrin gels, energy dissipation was observed in the strain-stiffening regime, which is 
probably caused by (partial) disassembly of the capsid crosslinks. This disassembly results 
in a higher crosslink density, increasing the storage modulus of the material. Additionally, 
the mechanical properties of the crosslinked gel could be tuned by changing the crosslinking 
temperature, and the functionalization degree and the concentration of the crosslinker.  These 
findings may lay the foundation for the application of these types of biomimetic hydrogels, 
e.g. as stress sensors or drug delivery vehicles. Further studies in this direction are aimed at 
investigating the release of cargo, such as a model drug or a fluorescent read-out system, 
from the interior of the capsids upon the application of high stresses to the crosslinked gel. 
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5.4 Experimental 
General 
All compounds were used as purchased unless specifically mentioned otherwise. Protein 
mass characterization was performed by electrospray ionization time-of-flight (ESI-TOF) 
mass spectrometry on a JEOL AccuTOF CS. Deconvoluted mass spectra were obtained using 
MagTran 1.03 b2. Isotopically averaged molecular weights were calculated using the ‘Protein 
Calculator v3.4’ at http://protcalc.sourceforge.net. Protein samples were desalted by spin 
filtration to milliQ (final concentrations 50-100 µM). SEC was performed on a Superose 6 10/300 
column (GE Healthcare). Analytical SEC measurements were executed on a Shimadzu 
LC-2010AHT HPLC. Samples (100 µg) were separated on the column with a flow rate of 0.5 
mL min-1. TEM grids (FCF-200-Cu, EMS) were glow-discharged using a Cressington carbon 
coater and power unit. Protein samples (0.2 mg/mL, 5 µL) were applied on the glow-discharged 
grids and incubated for 1 min. The samples were carefully removed using a filter paper and 
the grid was allowed to dry for at least 15 minutes. Then the grid was negatively stained by 
applying 2% uranyl acetate in water (5 µL). The staining solution was removed after 15 
seconds and the grid was allowed to dry for at least 15 minutes. The samples were analyzed 
on a JEOL JEM-1010 TEM. Protein concentrations were measured on a Varian Cary 50 Conc 
UV-vis spectrometer using a quartz cuvette with a path length of 3 mm. Protein 
concentrations were calculated using the theoretical extinction coefficients.53 Samples were 
centrifuged prior to the measurements. IR spectra were recorded on a Bruker TENSOR 27. For 
viscometry measurements the polymers were dissolved in acetonitrile (0.1 – 0.6 mg mL-1) and 
the intrinsic viscosity of these solutions was measured at T = 25 °C. The average viscosity 
molecular weight, Mv, of the polymers was calculated using the empirical Mark–Houwink 
equation: [𝜂𝜂] = 𝐾𝐾𝑀𝑀𝑣𝑣𝑎𝑎. Where [η] is the intrinsic viscosity of the polymer solution as 
determined from viscometry measurements and Mark–Houwink parameters K and a depend 
on solvent and polymer characteristics. We used parameter values that were previously 
determined for other polyisocyanides: K = 1.4 × 10−9 and a = 1.75.54 Rheological measurements 
were carried out on a TA Instruments Dynamic Hybrid Rheometer 1 or 2 fitted with a 40 mm 
aluminum or stainless steel parallel plate geometry. A geometry gap of 500 µm was used. All 
non-linear measurements were carried out using a 40 mm aluminum parallel plate geometry.  
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Buffers 
Dimer buffer: 50 mM Tris·HCl, 500 mM NaCl, 10 mM MgCl2, pH 7.5  
Capsid buffer: 50 mM NaOAc, 500 mM NaCl, 10 mM MgCl2, pH 5.0  
Phosphate buffer: 100 mM NaH2PO4, 150 mM NaCl, pH 7.5  
PBS buffer: 10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.2-7.4 
All buffers were filtered over a 0.2 micron filter prior to use. 
 
Synthesis 
General procedure for the synthesis of polyisocyanide polymers 
PIC polymers 1 were synthesized following a previously described protocol.20 
The tri-ethylene glycol monomer, tetra-ethylene glycol monomer, and azide-functionalized 
monomer were dissolved in freshly distilled toluene. A solution of Ni(ClO4)2·6H2O (1 mM) in 
freshly distilled toluene/ethanol (9:1 v/v) was prepared. The required amount of catalyst 
stock solution was diluted to 1 mL using freshly distilled toluene and added to the monomer 
solution. The resulting mixture was stirred for 48 h at room temperature. The reaction 
mixture was diluted with dichloromethane (5 mL) and the product was precipitated in 
diisopropyl ether (100 mL). After filtration, the polymer was re-dissolved in dichloromethane 
(5 mL) and re-precipitated in diisopropyl ether (100 mL). This procedure was repeated once 
more. 
 
Polymer 1a 
The general procedure described above was followed. An amount of 251 mg (0.79 mmol) of 
the tri-ethylene glycol monomer, 75.9 mg (0.21 mmol) of the tetra-ethylene glycol monomer, 
and 14.5 mg (39 µmol) of the azide functionalized monomer (14.5 mg, 39 µmol) were 
dissolved in 6.5 mL of freshly distilled toluene. An amount of 257 µL of the catalyst stock 
solution was diluted to 1 mL using freshly distilled toluene and added to the abovementioned 
solution. Yield: 287 mg (84 %) of a pale yellow solid. FT-IR νmax film (cm-1): 3268, 2876, 1742, 
1657, 1532, 1455, 1264, 1217, 1065, 729, 703. Mv = 486 kDa. Tgel (pH 5.0 capsid buffer) = 12 °C. 
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Polymer 1b 
The general procedure described above was followed. An amount of 197 mg (0.62 mmol) of 
the tri-ethylene glycol monomer, 59 mg (0.17 mmol) of the tetra-ethylene glycol monomer, 
and 10 mg (28 µmol) of the azide functionalized monomer (14.5 mg, 39 µmol) were dissolved 
in 6.5 mL of freshly distilled toluene. An amount of 137 µL of the catalyst stock solution was 
diluted to 1 mL using freshly distilled toluene and added to this solution. Yield: 264 mg (97 %) 
of a pale yellow solid. FT-IR νmax film (cm-1): 3268, 2876, 1742, 1657, 1533, 1455, 1352, 1272, 
1246, 1204, 1111, 1065, 853, 755, 530. Mv = 585 kDa. Tgel (pH 5.0 capsid buffer) = 12 °C.  
 
Expression of H6-ELP-CCMV 
The pET-15b-G-H6-[V4L4G1-9]-CCMV(ΔN26) vector encoding for the hexahistidine-tagged 
ELP-CCMV protein was constructed as previously described by van Eldijk et al.55 
For a typical expression, LB medium (50 mL), containing ampicillin (100 mg/L) and 
chloramphenicol (50 mg/L), was inoculated with a single colony of E. coli BLR(DE3)pLysS 
containing the pET-15b-G-H6-[V4L4G1-9]-CCMV(ΔN26) vector and incubated overnight at 
37 °C. This overnight culture was used to inoculate 2x TY medium (1 L), supplemented with 
ampicillin (100 mg/L). The culture was grown at 37 °C and protein expression was induced 
during logarithmic growth (OD600 = 0.4-0.6) by addition of IPTG (1 mM). After 6 h of 
expression at 30 °C, the cells were harvested by centrifugation (2700 g, 15 min, 4 °C) and the 
pellets were stored overnight at -20 °C. 
After thawing, the cell pellet was re-suspended in lysis buffer (50 mM NaH2PO4, 1.3 M NaCl, 
10 mM imidazole, pH 8.0; 25 mL). The cells were lysed by ultrasonic disruption (2 times 30 s, 
100% duty cycle, output control 3, Branson Sonifier 250, Marius Instruments). Then the lysate 
was centrifuged (16.400 g, 15 min, 4 °C) to remove the cellular debris. The supernatant was 
incubated with Ni-NTA agarose beads (3 mL) for 1 h at 4 °C. The suspension was loaded onto 
a column, the flow-through was collected and the beads were washed twice with wash buffer 
(50 mM NaH2PO4, 1.3 M NaCl, 20 mM imidazole, pH 8.0; 20 mL). Then, the protein of interest 
was eluted from the column with elution buffer (50 mM NaH2PO4, 1.3 M NaCl, 250 mM 
imidazole, pH 8.0; 1 time 0.5 mL, 5 times 1.5 mL). The purification was analyzed by SDS-
PAGE. The fractions containing the desired protein were combined and dialyzed against pH 
7.5 dimer buffer to obtain the capsid protein dimers. For storage, the proteins were assembled 
by dialysis against pH 5.0 capsid buffer. The pure protein was obtained with a yield of 100-
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140 mg/L of culture (Table 1). The purity was verified by SDS-PAGE. The assembly properties 
of the capsid proteins and the geometry of the resulting capsids were analyzed by SEC using 
a Superose 6 GL 10/300 column with pH 5.0 capsid buffer as the eluent, and TEM. ESI-TOF: 
calculated 22253.4 Da, found 22253.5 Da. 
 
Table 1. Amino acid sequence of the proteins used in this chapter 
NAME SEQUENCE 
H6-ELP-CCMV GHHHHHHVPGVGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGVGVPGLGLEVVQPVIVEPIASG
QGKAIKAWTGYSVSKWTASCAAAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCV
TETQTTAAASFQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHV
RPTFDDSFTPVY 
 
DBCO-functionalization of H6-ELP-CCMV 
H6-ELP-CCMV was spin filtrated to phosphate buffer (10 kDa MWCO, 3x), after which the 
protein concentration was determined by UV-vis spectroscopy. DBCO-PEG4-NHS ester was 
dissolved in DMSO (10 mM). H6-ELP-CCMV (105 µM final concentration) and DBCO-PEG4-
NHS (157.5 µM final concentration, 1.5 equiv.) were combined in phosphate buffer and 
incubated at 21 °C for 10-30 minutes, depending on the desired functionalization degree (500 
rpm).  The reaction mixture was dialyzed against PBS buffer, and subsequently pH 5.0 capsid 
buffer at 4 °C to remove the excess of DBCO-PEG4-NHS (Spectra/Por 2, 12-14 kDa MWCO) 
(3x 100 mL for 30 minutes per buffer). Then, the protein solution was concentrated 
approximately ten times by spin filtration (10 kDa MWCO) to induce capsid formation. The 
protein concentration was determined by UV-vis spectroscopy and the solution was diluted 
back to 126 µM. DBCO-functionalization was qualitatively verified by UV-vis spectroscopy. 
The degree of functionalization was estimated using electrospray ionization time-of-flight 
(ESI-TOF) mass spectrometry. Successful capsid assembly after DBCO-modification was 
confirmed using size exclusion chromatography. The DBCO-modified CCMV capsids were 
stored at 4 °C until further use. 
 
PIC crosslinking with DBCO-CCMV 
PIC polymer 1 was dissolved in pH 5.0 capsid buffer or pH 7.5 dimer buffer (4 mg/mL) at 
4 °C overnight, with occasional shaking. The solutions were stored at -20°C until further use. 
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The solution of DBCO-modified CCMV capsids 3 was prepared according to the protocol 
described above. For crosslinking experiments with DBCO-modified CCMV dimers 2, the 
capsid solution with first dialyzed to pH 7.5 dimer buffer (Spectra/Por 2, 12-14 kDa MWCO) 
(3x 100 mL for 30 minutes). Fresh, cold solutions of DBCO-CCMV dimers 2 or capsids 3 and 
PIC polymer 1 were combined on ice and immediately loaded into the rheometer in the liquid 
state at a temperature of 5 °C. 
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5.6 Appendix 
 
 
Figure A1. DBCO-functionalization of ELP-CCMV capsid proteins. (A) SEC chromatogram of DBCO-modified ELP-
CCMV in pH 5.0 capsid buffer. (B) UV-Vis spectrum of DBCO-modified ELP-CCMV. (C) ESI-TOF mass spectrum of 
DBCO-modified ELP-CCMV. Deconvoluted total mass spectrum (left) and multiply charged ion series (right). The 
expected molecular weights are 22253.4 Da (0 DBCO), 22788.0 Da (1 DBCO) and 23322.6 Da (2 DBCO). 
6 
Towards a Viscoelastic Fibrous 
Hydrogel 
Abstract 
Natural hydrogels are often viscoelastic materials. Synthetic mimics, however are usually 
elastic materials, as the stability of such polymer networks is usually regulated with covalent 
crosslinks. Physical crosslinks can provide stability to a hydrogel, similar to covalent 
crosslinks, whilst also introducing viscoelastic behavior by formation of reversible 
interactions and bonds. In this work, we used a synthetic polymer hydrogel based on 
polyisocyanides that was physically crosslinked using a supramolecular crosslinker. We 
employed the homoternary 2:1 complexation of host-molecule cucurbit[8]uril with tripeptide 
Phe-Gly-Gly, functionalized with a strain-promoted alkyne. The homoternary complex acts 
as a bivalent physical crosslinker. The physically crosslinked gel shows weak relaxation 
behavior in the network. The stability of the complex, however is questionable, which 
contributes together with the possible competitive binding of the strain-promoted alkyne 
inside the CB[8] cavity to a low crosslink density. Further research should include a thorough 
analysis of the binding properties, optimization of the guest purification conditions and the 
investigation of a different, more stable supramolecular complex. This work presents a first 
step towards research into the effect of viscoelastic behavior in biomimetic polymer 
networks. 
 
 
 
Noël de Kler is acknowledged for performing several different experiments.  
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6.1 Introduction 
In the previous chapters, we only considered the elastic properties of the polyisocyanide 
(PIC) hydrogels when we discussed the mechanical properties. Many materials including 
hydrogels, however show viscoelastic behavior, i.e. the mechanical properties have an elastic 
and a viscous component. The viscous contribution has a time component, which means that 
in these materials, the mechanical properties become time-dependent. For the PIC gels, 
discussed so far, the mechanical properties are dominated by the elasticity and it is justifiable 
to plainly ignore the viscous component. This simplification is valid for many covalently 
crosslinked polymer gels, such as poly(acrylamide) and PEG gels. Many biological gels, on 
the other hand do show viscoelastic behavior. Fibrous actin (F-actin), for instance is bundled 
and crosslinked by different actin-binding proteins (ABPs), but stress relaxes over time in the 
network, which dissipates the applied mechanical energy. The time scales of dissipation is 
governed by the number and types of the ABPs.1-2 Typical approaches to introduce 
viscoelastic behavior in hydrogels is the introduction of non-covalent bonds and rather than 
covalent crosslinks. In this chapter, we will discuss approaches to introduce viscoelasticity in 
semi-flexible PIC hydrogels. 
Recent work has shown the biological relevance of the viscous component in mechanical 
properties of hydrogels.3 Cell spreading, proliferation and osteogenic differentiation of 
mesenchymal stem cells (MSCs) was found to be strongly dependent on the relaxation times 
of the hydrogel matrix, and were enhanced in cells cultured in scaffolds that relax faster.4 In 
this work, the characteristic relaxation times in an alginate gel are tuned by the strength of a 
non-covalent interaction, which is controlled by the calcium concentration. Other approaches 
include metal-ligand coordination chemistry,5-6 ionic interactions7 and hydrogen bonds.8 In 
addition, viscoelastic gels have been prepared using host-guest chemistry, where the 
crosslinks are composed of a non-covalent inclusion complex. The binding constant  
Ka = kon/koff governs the stability of the crosslink, and consequently the relaxation time of the 
network. The constant can be tuned by varying the guest or the host, resulting in stronger or 
weaker host-guest complexes. 
An example of a viscoelastic synthetic  hydrogel was developed by Appel and coworkers, 
who used the macrocyclic host molecule cucurbit[8]uril (CB[8], Figure 1a) to form 
supramolecular hydrogels.9 CB[8] can bind two guest molecules simultaneously to form a 
ternary complex. The authors prepared copolymers with either pendant methyl viologen or 
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naphtoxy derivatives, which together with CB[8] form a 1:1:1 ternary complex with high 
stability (binding constant Ka > 1011 – 1012 M-2). Crosslinking these copolymers by addition of 
CB[8] resulted in a large viscosity increase of more than 3 orders of magnitude, on account of 
3D network formation. The hydrogel plateau modulus G0 was governed by the concentration 
of CB[8], and values of G0 = 350 - 600 Pa were reported. Steady shear measurements showed 
Newtonian behavior at low shear rates, followed by a slight shear-thickening regime and, 
subsequently, dramatic shear-thinning behavior at high shear rates. This complex shear rate-
dependent behavior was attributed to network reorganization upon mechanical deformation. 
Cucurbit[8]uril can also bind N-terminally charged amino acids.10-13 The cavity of CB[8] 
allows for binding of two naturally occurring amino acids, phenylalanine and tryptophan.10 
Synthetic supramolecular hydrogels have been prepared from e.g. CB[8]-crosslinked high 
molecular weight polysaccharides like hyaluronic acid and cellulose derivatives that were 
functionalized with pendant phenylalanine containing (oligo)peptides.12 The addition of 
CB[8] to the peptide-polysaccharide conjugates resulted in a 3D network with high water 
content and interesting rheological properties. The network formation is a result of the 
formation of physical crosslinks based on 2:1 homoternary complexation of the 
phenylalanine side chains and the macrocyclic host, driven by the hydrophobic cavity effect 
and the entropically favorable release of water molecules. This complex has a binding 
constant Ka = 3.5 * 109 M-2.12 A more stable homo-ternary complex can be formed between the 
tripeptide phenylalanine-glycine-glycine (Phe-Gly-Gly, Figure 1b) and CB[8],14 again 
through the enthalpic inclusion of the phenylalanine side chain and the entropically 
favorable release of water molecules, ion-dipole interactions between the N-terminal 
nitrogen and the carbonyl oxygens of CB[8], and in this case additional hydrogen bonds 
 
Figure 1. a) Molecular structure of cucurbit[8]uril. b) Chemical structure of phenylalanine-glycine-glycine. c) Crystal 
structure of the homoternary 2:1 complex of Phe-Gly-Gly (black structures) bound in cucurbit[8]uril (white structure) 
with in red the carbonyl groups and blue the amine groups. Parts of this figure were adapted with permission from 
reference 13. Copyright 2006 American Chemical Society. 
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between the carbonyl oxygens of the host and the amide hydrogens of the guests. Together, 
these processes and interactions result in a 2:1 homoternary complex with binding constant 
Ka = 1011 M-2 (Figure 1c).14  
We introduced PIC hydrogels in Chapter 1. These semiflexible polymers possess a stiff 
and helical backbone, stabilized by hydrogen bonds.15 An aqueous solution of the PIC 
polymers has a lower critical solution temperature (LCST), above which a branched, fibrous 
hydrogel is formed. The stiffness of the material strongly depends on concentration, polymer 
characteristics and environmental conditions, such as temperature and the ionic strength of 
the solution.16 PIC hydrogels combine a biomimetic fibrous architecture with the synthetic 
opportunities of synthetic gels, which makes them very interesting for applications in e.g. 
immunology17 and regenerative medicine.18-19 
In this thesis, several approaches towards crosslinking the PIC hydrogels were discussed, 
most of which were based on simple bivalent crosslinkers. These strategies all resulted in 
primarily elastic hydrogels that (in some cases) could be irreversibly degraded using on-
demand cleaving mechanisms. In this chapter, we study an approach to prepare physically 
crosslinked PIC networks following the strategy of CB[8]-peptide ternary complexes. As the 
guest, we use tripeptide Phe-Gly-Gly, equipped with a cyclo-octyne to covalently attach the 
guest to the azide-functionalized PIC backbone, analogous to the crosslinking approach 
described in Chapter 2 (Figure 2). The physically crosslinked networks show an indication of 
very weak frequency-dependent mechanical behavior, which implies that relaxation by 
crosslink cleavage and reformation might be possible above and below the lower critical 
solution temperature (LCST). 
 
Figure 2. Schematic representation of the formation of physical crosslinks using the homoternary 2:1 complex of Phe-
Gly-Gly and CB[8], in a fibrous polyisocyanide network. 
Towards a Viscoelastic Fibrous Hydrogel | 139 
 
6.2 Results and discussion 
For crosslinking, we used the strain-promoted azide-alkyne cycloaddition (SPAAC) reaction. 
PIC polymers with azides by copolymerizing an azide-functionalized monomer (3.3 mol-%) 
with the inert PIC monomer, resulting in PIC polymer 1 (Scheme 1a).19 The peptide guest was 
functionalized with the complementary azadibenzocyclooctyne (DBCO) moiety.20-21 
Bifunctional supramolecular crosslinkers were prepared by pre-forming a 2:1 homoternary 
complex of cucurbit[8]uril and a DBCO-functionalized guest. Two different guests were 
studied, one based on the high binding constant tripeptide phenylalanine-glycine-glycine 4 
(Scheme 1c), and the other based on phenylalanine (Scheme 1b) that binds less strongly in 
CB[8].12, 14 Each guest contained a short ethylene glycol spacer between the DBCO and the 
oligopeptide moieties to increase its water solubility.  
In the following sections, the syntheses of the guests are described, followed by a brief 
preliminary analysis of the binding properties. Finally, the mechanical properties of the 
physically crosslinked PIC hydrogels are discussed. 
 
6.2.1 Synthesis of the DBCO-functionalized guests 
We prepared two DBCO-functionalized guests using carbodiimide-mediated coupling 
reactions between DBCO-PEG4-amine 2 and either phenylalanine or tripepide 5 (Scheme 1), 
of which the terminal amines were protected with a trityl group to avoid side-reactions. After 
DBCO-functionalization, the protecting group was removed under mild conditions using a 
solution of formic acid in methanol, which is necessary since the strain-promoted alkyne is 
susceptible to e.g. nucleophilic attack. After deprotection compounds 3a and 3b were purified 
using preparative HPLC. 
The yield of compound 3a was moderate (Scheme 1b), and can probably be improved since 
LC-MS analysis indicated that a higher concentration of 3a was present in the crude mixture 
before purification. However, the preparative HPLC purification procedure used to obtain 
target guest 3a reduced the yield sharply, possibly due to product adhesion to the HPLC 
column. Future work should include the optimization of the purification conditions. 
The synthesis of compound 3b was troublesome and the yields of both steps were low. 
The yield of the tritylation of tripeptide 4 (Scheme 1c) was low, probably because the 
purification requires solubility of the product in an aqueous NaOH solution (0.5 M) and the 
trityl-protected tripeptide 5 is only sparsely water soluble. To improve the yield, an 
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Scheme 1. Synthetic procedures for a) PIC 1 (yield: 86%, 3.3-mol-% N3, Mv = 448 kg mol-1) and guests b) 3a and c) 3b. 
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alternative tritylation procedure should be attempted in which water solubility not 
required.22 The low yield of the synthesis of 3b is again related to the HPLC purification 
procedure. Using a different HPLC column and/or an alkaline solvent mixture might increase 
the yield significantly. 
 
6.2.2 Binding properties of guest 4 in cucurbit[8]uril 
An extensive characterization of the binding properties of tripeptide 4 in CB[8] was carried 
out by Heitmann and coworkers, who reported the ternary equilibrium association constant 
Ka = 1.5 * 1011 M-2, as determined using isothermal calorimetry (ITC).14 We were unable to 
reproduce their ITC data; in fact, our measurements were inconclusive about the binding 
mode of compound 4 and CB[8]. We found that under the experimental conditions, the 
solubility of both components was too low, resulting in a considerably overestimated 
concentration. Also for guests 3a and 3b, we obtained unreliable binding data using ITC. We 
did reproduce the 1H-NMR titrations reported by Heitmann and coworkers,14 and our results 
support that tripeptide 4 indeed forms a 2:1 homoternary complex with cucurbit[8]uril (see 
Appendix Figure A1).  
 
6.2.3 Mechanical analysis of crosslinked PIC hydrogels 
A crosslinked hydrogel was prepared by mixing a cold solution of polymer 1 in phosphate-
buffered saline (PBS) with a cold solution of the pre-formed homoternary complex of CB[8] 
with guest 3a or 3b in the same buffer. This mixture was heated into the gel phase at T = 37 °C, 
where the SPAAC reaction was allowed to proceed for 1 hour. Rheology experiments confirm 
that the PIC network is stabilized below the LCST (Figure 3) when the material was 
crosslinked with the homoternary complex formed by CB[8] and tripeptide 3b (Figure 3a) 
with the ratio Q = [DBCO] / [N3] = 2. The storage modulus decreases significantly when the 
3b-crosslinked material is cooled down, but a soft, elastic gel remains at T = 5 °C, which is 
typical for a crosslinked PIC hydrogel at low crosslink densities (Chapter 2). In the 
crosslinked hydrogels described in Chapter 2, an excess of DBCO moieties resulted in a 
reduced crosslink efficiency, however, here, we experimentally find that crosslinker 
concentrations at Q = 1 give rise to softer materials than for Q = 2 (Figure 3a). The possible 
competitive binding of DBCO in the CB[8] cavity could explain this observation. Future work 
should include a more thorough analysis of the host-guest binding properties.  
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We can use the moduli of the samples at different Q, determined in Chapter 2, to estimate 
the effective crosslink density in the 3b+CB[8] crosslinked material. For a PIC gel at T = 5 °C 
with a stiffness of 10 Pa, an associated crosslink density of 12 µM was determined. 
Considering that in our sample the azide density is 104 µM, and assuming that in the linear 
low-stress regime the crosslinks are not breaking, we conclude that only 10% of the crosslinks 
are active. For smaller Q values the modulus at T = 5 °C rapidly decreased to less than 2 Pa 
at Q = 1, and correspondingly the estimated crosslink density decreased to less than 5 µM. 
Because of the higher stiffness and crosslink density at Q = 2, this ratio was applied in all 
further experiments. The complex formed by DBCO-functionalized amino acid 3a and CB[8] 
proved not strong enough to form crosslinks that were sufficiently stable to prevent 
disassembly of the PIC network, and all the 3a-crosslinked mixtures returned to a viscous 
liquid state when cooled below the LCST (Figure 3b). The 3a-crosslinked materials were not 
further investigated. 
The temperature-dependent viscoelastic response of the 3b-crosslinked PIC hydrogel  
(Q = 2) was further analyzed by performing frequency sweeps between 0.1 and 2.0 Hz, at 
temperatures between T = 5 °C and T = 37 °C (Figure 4). The storage modulus of the 3b+CB[8] 
crosslinked material showed a small frequency dependence: At T = 37 °C, G’ at f = 2 Hz was 
8% higher than at f = 0.1 Hz. At a lower temperature of T = 5 °C the difference in modulus 
 
Figure 3. Mechanical properties of crosslinked hydrogels: Storage moduli of crosslinked polyisocyanide hydrogels. In 
all experiments, [1] = 1 mg mL-1, 104 µM azide groups. Heating and cooling ramps were performed at a rate of 5 °C 
min-1. a) Cooling (dashed lines) and heating (solid lines) curves of crosslinked PIC gels using the homoternary complex 
of tripeptide 3b and CB[8], ratio Q = 1 (orange) and Q = 2 (blue). b) Cooling (dashed blue line) and heating (solid red 
line) curves of a crosslinked (blue) PIC gel using the homoternary complex of DBCO-functionalized amino acid 3a and 
CB[8] at Q = 1. 
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between f = 2 Hz and 0.1 Hz increased to 50% (Figure 4a). Below the LCST, however, the 
network dynamicity inherently increases as network integrity and the bundle stiffness 
rapidly decrease due to resolvation of the ethylene glycol chains grafted on the polymer 
backbone. The stiffness of the non-crosslinked gel is frequency-independent over the whole 
temperature regime (Figure 4b), and the network disappeared below the LCST where a 
viscous liquid, which by definition has no storage modulus, was again obtained. 
The stiffness of the physically crosslinked PIC network increases with frequency following 
a power law as G’ ~ fα, where exponent α reflects the amount of change in crosslink density. 
A value for α that is close to zero represents a network that is not dynamic in the measured 
frequency regime, as is for example the case in the non-crosslinked PIC hydrogel (Figure 4b). 
For the physically crosslinked PIC networks we obtained α = 0.03 ± 0.001 at high temperature 
and α = 0.14 ± 0.003 at low temperature. The weak frequency-dependency, both at high and 
low temperature, was significantly larger than the non-crosslinked PIC hydrogel. 
Interestingly, at temperatures above the LCST where the PIC bundles are stiff and the 
network was expected to be strongly dominated by elasticity, the physical crosslinks still 
seem to introduce a small degree of viscoelastic behavior. This observation is particularly 
interesting because the NMR titrations (Appendix Figure A1) indicate that the 
supramolecular complex of 4 and CB[8] dissociates at elevated temperatures, which means 
that only a small portion of the complex forms active crosslinks between the polymers at  
T = 37 °C. 
 
Figure 4. Storage moduli of crosslinked and non-crosslinked polyisocyanide hydrogels, measured as frequency sweeps 
whilst heating from 5 °C to 37 °C. In these experiments, [1] = 1 mg mL-1, 104 µM azide groups, and if applicable  
[3b] = 104 µM, [CB[8]] = 52 µM. Mechanical behavior of (a) crosslinked PIC hydrogel 1 with tripeptide linker 3b and 
CB[8]; and (b) non-crosslinked PIC hydrogel 1. 
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6.3 Conclusions 
In summary, we have prepared a physically crosslinked PIC hydrogel using a homoternary 
complex of CB[8] and a simple tripeptide-based guest 3b. The polymer bundles are stabilized 
by the crosslinks resulting in a permanent gel, above and below the LCST. Our results 
indicate that the physical crosslinks introduce some relaxation into the network, particularly 
at lower temperatures, resulting in a weakly frequency dependent modulus. Polymer 
networks crosslinked with the supramolecular complex of CB[8] and functionalized 
phenylalanine 3a were not sufficiently stable to yield a permanent gel. 
The yields of guests 3a and 3b were relatively low because of product adhesion to the 
HPLC column and possibly because the acidic purification methods resulted in DBCO-
degradation. Additionally, the binding properties of guest 3b in CB[8] should be carefully 
quantified, as the DBCO moieties of the guest might also bind in the CB[8] cavity resulting in 
a significant overestimation of crosslinker concentration. Further research should also 
include quantification of the stability of the homoternary complex at high temperatures, since 
NMR measurements at T = 50 °C indicate that the complex of tripeptide 4 and CB[8] partially 
disintegrates. 
Our preliminary mechanical analysis of the crosslinked hydrogels indicate that physical 
crosslinks introduce some degree of relaxation in the otherwise elastic PIC networks. From 
the reported binding constant of Ka = 1.5 * 1011 M-2 follows that >95% of the guests are bound 
in the host at the experimental concentrations (see Appendix for calculations),14 and should 
be available to form crosslinks. The supramolecular complexes, however proved 
insufficiently strong to stabilize the PIC network. The small frequency dependency of the 
storage modulus in the 3b-crosslinked networks could be a result of the physical crosslinks, 
but further analysis is required to obtain more quantitative data, for example using creep 
rheology and relaxation measurements. Our approach allows for optimization, for example 
by using supramolecular complexes with significantly higher binding constants, so that they 
can be employed at lower concentrations and at higher temperatures. Care should be taken 
with the selection of the supramolecular complex, as water solubility of all the components 
and the final complex is required. Instead of homoternary complexation, an alternative 
approach towards the formation of physical crosslinks is to covalently bind the host and a 
compatible guest to the polymer chains. Mixtures of these polymers could then form 
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physically crosslinked networks. A viscoelastic fibrous network could prove valuable as a 
synthetic mimic of the inherently dynamic ECM. 
 
6.4 Experimental 
General  
1H-spectra were recorded on a Bruker Avance III 500MHz or a Bruker Avance III 400MHz 
spectrometer. All mass spectra were recorded on a Thermo Finnigan LCQ Advantage Max. 
HPLC purification was performed on a Shimadzu LC20A preparative HPLC with a Phenomenex 
Gemini 10 µm NX-C18 110 Angstrom column. The samples were loaded on a 150 x 21.2 mm 
AXIA column with SecurityGuard PREP cartridge Gemini NX-C18 15 x 21.2 mm, and the eluent 
was MeCN in water (5-45 vol-%) with 0.1% TFA. For viscometry measurements the polymers 
were dissolved in acetonitrile (0.1 – 0.6 mg mL-1) and the intrinsic viscosity of these solutions 
was measured at T = 25 °C. The average viscosity molecular weight, Mv, of the polymers was 
calculated using the empirical Mark–Houwink equation: [𝜂𝜂] = 𝐾𝐾𝑀𝑀𝑣𝑣𝑎𝑎. Where [η] is the intrinsic 
viscosity of the polymer solution as determined from viscometry measurements and Mark–
Houwink parameters K and a depend on solvent and polymer characteristics. We used 
parameter values that were previously determined for other polyisocyanides: K = 1.4 × 10−9 
and a = 1.75.23 All compounds were used as purchased unless specifically mentioned 
otherwise. 
 
Rheology 
Rheological measurements were carried out on a TA Instruments Dynamic Hybrid 
Rheometer 2 fitted with a 40 mm sandblasted parallel plate geometry. A geometry gap of 500 
µm was used. To measure the linear regime (G0), the sample was heated to the desired 
temperature, and after a short waiting period for equilibration the complex modulus G* was 
measured by applying an oscillating deformation of amplitude γ = 0.04 at frequency f = 0.8 
Hz. Temperature-dependent measurements were carried out at a 5 °C min-1 ramp rate. 
 
Sample preparation 
Rheology 
Guest 3a or 3b (100 or 200 µM) was dissolved in a PBS buffer (10 mM PO43−, 137 mM NaCl, 2.7 
mM KCl, pH = 7.0), and subsequently the same volume of a solution of cucurbit[8]uril (50 or 
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100 µM) in the same buffer was added. The mixture was sonicated until full dissolution was 
achieved. A solution of PIC 1 (2 mg mL-1) was prepared by dissolving the dry polymer 
overnight at 4 °C in the appropriate amount of PBS buffer with occasional shaking. The 
crosslinker and PIC-azide solutions were stored at -20 °C until further use. Before each 
experiment the two solutions were mixed in a 1:1 (v/v) ratio at T = 0 °C, briefly homogenized 
and used immediately. 
 
Synthesis 
Polyisocyanide polymer 1 
The commercially available methoxy-terminated isocyanide monomer was purified by flash 
chromatography (SiO2, 1:3 MeCN:DCM) before use. The purified monomer (150 mg, 0.47 
mmol) and the azide functionalized isocyanide monomer (6.07 mg, 16 µmol) were dissolved 
in freshly distilled toluene (3 mL). A catalyst stock solution of 1 mM Ni(ClO4)2·6H2O in freshly 
distilled toluene/ethanol (9:1) was prepared. 295 µL of the stock solution was diluted to 1 mL 
using freshly distilled toluene and added to the monomer solution. The resulting mixture 
was stirred for 48 h at room temperature. Afterwards, the reaction mixture was diluted with 
DCM (5 mL) and the product was precipitated in diisopropyl ether (100 mL). After filtration, 
the polymer was redissolved in DCM (5 mL) and reprecipitated in diisopropyl ether (100 
mL). This procedure was repeated two more times. The product was obtained as a pale 
yellow solid, yield: 135 mg (86 %). FT-IR νmax film (cm-1): 3264, 2873, 1739, 1656, 1596, 1530, 
1453, 1373, 1324, 1262, 1214, 1105, 1063, 954, 524. Mv = 448 kDa 
 
Trt-Phe-(PEG)4-DBCO (3a) 
Trityl-phenylalanine (20 mg, 0.049 mg) was dissolved in freshly distilled dichloromethane (3 
ml) and the solution was cooled to 0°C. A solution of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, 7.3 mg, 0.054 mmol) in 1 mL freshly distilled 
DCM and hydroxybenzotriazole (HOBt, 9.2 mg, 0.059 mmol) were added to the reaction 
mixture. The mixture was stirred for 30 minutes, then DBCO-PEG4-NH2 (25,7 mg, 0,049 
mmol) and a catalytic amount of 4-dimethylaminopyridine (DMAP) were added. The 
reaction mixture was allowed to reach room temperature and was stirred overnight. 
Subsequently, the reaction mixture was diluted with 10 ml DCM and washed an aqueous 
solution of citric acid (5 mg/ml, 2 * 10 mL), a saturated aqueous solution of NaHCO3 (3 * 10 
Towards a Viscoelastic Fibrous Hydrogel | 147 
 
mL) and brine (2 * 10 mL). The organic layer was dried with MgSO4, filtered and the solvents 
were removed in vacuo. 
Next, the product (40 mg, 0.044 mmol) was dissolved in freshly distilled chloroform (1.1 mL) 
under intert atmorphere. The yellow mixture was cooled to 0 °C and formic acid (165.9 µL, 
4.44 mmol) was added. The reaction was followed with mass spectroscopy. After 2-3 hours 
the reaction turned orange and the solvents were removed in vacuo. The crude product was 
purified with preparative HPLC.  The solution was freeze dried and the product was 
obtained as a yellow oil with an overall yield of 41% over two steps. 
 
1H-NMR (500 MHz, (CD3)2CO, ppm) δ: 7.75 (d, 1H, C4H), 7.60-7.51 (m, 4H, C3H-C6H), 7.51-
7.30 (m, 8H, C11H-C14H), 5.19 (d, 1H, C1H), 4.22 (t, 1H, C30H), 3.83 (d, 1H, C1H’), 3.75-3.51 (m, 
16H, C28H-C21H), 3.48 (m, 2H, C29H), 3.29 (m, 1H, C18H’), 3.25 (dd, 1H, C36H), 3.23 (dt, 1H, 
C18H), 3.23 (dd, 1H,C36H’), 2.50 (dt, 1H, C17H’), 2.36 (t, 2H, C20H), 2.01 (dt, 1H, C17H). Mass 
analysis (m/z): 671.3 (M+). 
 
Trt-Phe-Gly-Gly (5) 
Phe-Gly-Gly (500 mg, 1.79 mmol) was suspended in 10 
mL chloroform and trimethylsilyl chloride (590 µL, 
4.65 mmol) was added. The mixture was refluxed for 
30 minutes. Next, the reaction mixture was allowed to 
cool down and trityl chloride (500 mg, 1.79 mmol) was 
added. The mixture was stirred for 10 minutes, then 2 ml methanol was added and the 
solvents were removed in vacuo. The cude product was dissolved in 10 ml dichloromethane 
and the organic layer was washed with water (3 * 10 mL) and an aqueous solution of citric 
acid (3 * 10 mL, 5 mg/ml). Next, the product was extracted from the organic layer using an 
aqueous solution of NaOH (2 * 50 mL, 0.5M). The combined water layers were cooled to 0 °C 
and diluted with an aqueous solution of citric acid (5 mg/ml) until the pH reached 3-4. Next, 
the product was extracted from the water layer using dichloromethane (3x 100 mL). The 
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organic layers were combined and concentrated in vacuo. Finally, the product was 
precipitated in heptane (500 mL). After filtration, the product was redissolved in DCM and 
reprecipitated in heptane. The product was obtained as 100 mg (11%) of a white solid. 
1H-NMR (400 MHz, MeOD, ppm) δ: 7.28-7.05 (m, 20H,C5H-C24H), 3.62 (d, 1H, C2H), 3.43 (d, 
1H, C1H), 3.38 (d, 1H, C3H), 3.32 (d, 1H, C1H’),  3.07 (d, 1H, C2H’), 2.84 (dd, 1H, C4H), 2.67 
(dd, 1H, C4H’). Mass analysis (m/z):  243 (trityl), 522 (M+)   
 
Phe-Gly-Gly-(PEG)4-DBCO (3b) 
Trt-Phe-Gly-Gly (1) (26.6mg, 0.051mmol) was dissolved in freshly distilled dichloromethane 
(3 ml) and the solution was cooled to 0°C. A solution of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC; 7.6 mg, 0.056 mmol) in 1 mL freshly distilled 
DCM and  hydroxybenzotriazole (HOBt; 9.5 mg, 0.061 mmol) were added to the reaction 
mixture.  The mixture was stirred for 30 minutes. Next, DBCO-PEG4-NH2 (26.6 mg, 0.051 
mmol) and a catalytic amount of 4-dimethylaminopyridine (DMAP) were added. The 
reaction mixture was allowed to reach room temperature and was stirred overnight. 
Subsequently, the reaction mixture was diluted with 10 ml DCM and washed an aqueous 
solution of citric acid (5 mg/ml, 2 * 10 mL), a saturated aqueous solution of NaHCO3 (3 * 10 
mL) and brine (2 * 10 mL). The organic layer was dried with MgSO4, filtered and the solvents 
were removed in vacuo.  
Next, the product (37.4 mg, 0.036 mmol) was dissolved in freshly distilled chloroform (1.1 
mL) under inert atmosphere. The yellow solution was cooled to 0 °C and formic acid (149 µL, 
3.96 mmol) was added. The reaction was followed with mass spectroscopy. After 2-3 hours 
the reaction turned orange and the solvents were removed in vacuo. The crude product was 
purified with preparative HPLC. The solution was freeze dried and the product was obtained 
as a yellow oil with an overall yield of 7% over two steps. 
 
1H-NMR (500 MHz, MeOD, ppm) δ: 7,68 (d, 1H, C4H), 7,54-7,44 (m, 4H, C3H-C6H), 7,38 (m, 
1H, C3H), 7,42-7,26 (m, 2H, C11H-C14H), 7,42-7,26 (m, 5H, C38H-C42H), 5,17 (d, 1H, C1H), 4,10 
(t, 1H, C35H), 4,00 (dd, 1H, C33H), 3,88 (m, 2H,C31H), 3,80 (dd, 1H, C33H’), 3,74 (d, 1H, C1H’), 
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3,68-3,50 (m, 16H, C28H-C21H), 3,38 (m, 2H, C29H), 3,29 (m, 1H, C18H’), 3,25 (dd, 1H, C36H), 
3,16 (dt, 1H, C18H), 3,06 (dd, 1H,C36H’), 2,52 (dt, 1H, C17H’), 2,30 (t, 2H, C20H), 2,06 (dt, 1H, 
C17H). Mass analysis (m/z): 785.4 (M+). 
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6.6 Appendix 
 
Binding constant calculation 
For binding equilibrium 2A + B ⇌ P, with binding constant Ka, [A]0 = [B]0 and [P]0 = 0 
 
𝐾𝐾a = [𝑃𝑃][𝐴𝐴]2[𝐵𝐵]  =  [𝑃𝑃][𝐴𝐴]3  =  [𝐴𝐴]0 − [𝐴𝐴][𝐴𝐴]3  
 
At Q = 1, Ka = 1.5 * 1011 M-2,14 and [A]0 = 100 µM. This results in [A] = 4 µM at equilibrium. 
At Q = 2, Ka = 1.5 * 1011 M-2,14 and [A]0 = 200 µM. This results in [A] = 5 µM at equilibrium. 
  
 
Figure A1. 1H-NMR titration of tripeptide 4 with CB[8] in D2O at 25 °C and 50 °C. The ratio of peptide and CB[8] is 
indicated on the left. The spectra were assigned based on the results reported in reference 13. In the proton labelling 
scheme, a double prime indicates the 2:1 complex, and no prime indicates the free tripeptide. Red spectrum: Phe-Gly-
Gly:CB[8] = 1:1 at room temperature. Green spectrum: Phe-Gly-Gly:CB[8] = 2:1 at room temperature. Teal spectrum: 
Phe-Gly-Gly:CB[8] = 3:1 at room temperature. Purple spectrum: Phe-Gly-Gly:CB[8] = 3:1 at 50 °C. 
152 | Chapter 6 
 
 
 
7 
Perspectives 
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7.1 Network architecture 
The results discussed in the previous chapters of this thesis clearly illustrate that the 
polyisocyanide (PIC) hydrogels are unique materials that closely mimic the architecture and 
mechanical behavior of natural gels. Although we consider the gel as totally elastic, which is 
true on the time scale of the mechanical measurements, we experimentally observe that the 
PIC gels degrade over the course of days to weeks. By selectively crosslinking in the bundles, 
the network architecture and the unique mechanical properties are maintained. Besides 
stabilizing the hydrogels in time, the crosslinks also offer the opportunity to introduce 
functional, responsive groups which makes the entire gel responsive to external stimuli. In 
this outlook, we discuss the benefits of intra-fibrillar crosslinks, compare our different 
strategies to introduce mechanical functionality and, finally, consider the role of complexity. 
In ideal flexible hydrogels, an increased crosslink density simply results in a higher 
stiffness. In semiflexible hydrogels, the effect of crosslinks is more complex because they are 
intrinsically multi-scale materials, and the mechanical properties are dependent on 
persistence length, bundle diameter and pore size. Crosslinks in fibrous networks can form 
between polymer chains in the same bundle, but also between different bundles. Both 
reactions, although identical in chemistry, will give a different mechanical response. 
Interbundular crosslinks increase the macroscopic stiffness and alter the network 
architecture, but the persistence length of the fibers does not significantly change. Contrarily, 
intrabundular crosslinks are expected to increase the bundle persistence length by increasing 
the coupling strength between polymers inside the bundle. Correspondingly, the 
macroscopic stiffness increases without a significant change in network architecture. By 
carefully designing the crosslinker, the crosslinking process can be directed to one of these 
possibilities. 
Bundle formation of PIC networks primarily depends on physical interactions; the bundle 
stability depends on reversible hydrophobic desolvation of ethylene glycol chains and the 
resulting noncovalent interactions between the polymers. Chapter 2 describes a general 
method to covalently crosslink the PIC networks in an intrabundular fashion. An aqueous 
solution of the two network components can form materials with different mechanical 
properties, governed by the thermal history and the nature and concentration of the 
crosslinker. PIC networks that are crosslinked with bivalent linear crosslinkers, such as the 
moieties described in Chapter 2 - 4, all show similar mechanical behavior. The SAXS and 
Perspectives | 155 
 
rheology measurements described in Chapter 2 show that in the heterogeneous fibrous 
architecture of the gels, the thickest bundles bear the mechanical load whilst the thinner 
bundles barely contribute to the linear and the nonlinear mechanical properties. Since the gel 
architecture is very similar to natural gels, this conclusion raises questions about how we 
should visualize stress-development in these types of networks, and what the length scales 
of local deformation are. The crosslinked PIC hydrogel, with well-defined and tunable 
mechanical properties, would be a very appropriate candidate to study the stress-
development in distributed fibrous networks, e.g. when cells adhere to the network and strain 
it, and aid in answering those questions. 
 
7.2 Mechanical functionality 
In Chapters 3 - 6, we use the same crosslinking approach as described in Chapter 2, with the 
difference that now the crosslinks are functional moieties themselves. This way, we achieve 
the same network stabilization and architecture conservation as described in Chapter 2, but 
we also introduce on-demand cleaving mechanisms that introduce triggered local or 
universal change of the mechanical properties. 
The biodegradable PIC hydrogels described in Chapter 3 hold great promise for 
applications in biological studies, for example as tissue engineering scaffolds that can be 
remodeled by cells in situ. By crosslinking the hydrogels with a crosslinker containing a 
peptide that can be recognized and cleaved by MMP-1, the materials become enzyme-
cleavable below the LCST. The rate of crosslink cleavage, however is too low to achieve full 
network degradation, and MMP-1-expressing dendritic cells are unable to migrate through 
the network within their lifespan. Optimization of the crosslinker concentration and 
structure, by finding a balance between water solubility, crosslink density and cleavage 
speed, could provide a partial solution to these issues. Increasing the enzyme concentration 
or using a second, slowly hydrolyzing crosslinker, could also drastically increase the network 
degradation rate, rendering the material applicable as e.g. biodegradable tissue engineering 
scaffold.  
In Chapter 4, we describe two strategies to prepare a photodegradable PIC hydrogel using 
crosslinkers bearing photocleavable moieties. The ortho-nitrobenzene (oNB) group is 
efficiently cleaved by UV light, and PIC hydrogels crosslinked with oNB bearing crosslinkers 
are indeed photodegradable. The highly energetic light, however, probably also induces 
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some background absorption of the network components and gives rise to (irreversible) side 
reactions and subsequently to network stiffening, which is observed experimentally during 
irradiation. These side reactions make the mechanical response to irradiation quite complex, 
as both the stiffening and degradation processes occur simultaneously and it is not always 
clear which process dominates. To avoid these challenges a different, NIR-cleavable 
crosslinker was proposed, but the synthesis proved troublesome. Optimization of the 
synthetic procedures and careful purification in a UV-shielded environment should solve the 
problems and provide a suitable method for photocleavable crosslinker preparation. The 
biocompatibility of NIR light as compared to UV light is an important aspect that renders this 
approach promising for application in a biocompatible, photocleavable hydrogel. Further 
research should also include consideration of alternative photocleavable groups with 
different cleaving wavelengths and/or more straightforward syntheses. 
Both of the crosslinked hydrogels described in Chapter 3 and 4 proved only partly 
degradable, as even after prolonged exposure to the trigger (i.e. an enzyme or UV light, 
respectively) a partially crosslinked network remains. This behavior is probably related to 
the crosslinking approach, which results in intrabundular crosslinks. The crosslinks are 
homogeneously distributed throughout the bundles, linking all polymers inside a bundle 
together. That process makes the bundles difficult to penetrate, and thus the internal 
polymers and functional groups are shielded from external factors like enzymes. Especially 
when the network is allowed to relax, for example between UV irradiation steps, the effect of 
the external stimulus becomes progressively weaker. This decrease in trigger effectiveness 
might be related to reorientation of the polymers in the bundles, and possibly formation of 
new crosslinks. Further research should include studies into the dynamics of cleavable 
crosslinked hydrogels, and an investigation of bundle dimensions and network composition 
during degradation. 
 
7.3 Complexity 
Semiflexible fibrous networks, synthetic or natural, are intrinsically multi-scale materials. 
The fiber dimensions, the pore size and the bundle persistence length can vary greatly, 
resulting in a heterogeneous system. Simple bivalent crosslinkers, as described in Chapters  
2 - 4, already introduce interesting behavior to fibrous PIC hydrogels. The complexity is 
increased even more when multivalent virus-like particles (VLPs; Chapter 5) or 
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supramolecular host-guest complexes (Chapter 6) are employed as crosslinking agents. Such 
hydrogels can dissipate energy by particle rupture, or show weak viscoelastic behavior that 
might be caused by breaking and reformation of crosslinks during applied stress. The 
materials described in Chapter 5 are inherently different from the hydrogels described in the 
other chapters, because the VLPs are too big to crosslink inside the bundles. Instead, the VLPs 
probably bind to the external surface of the bundles or between fibers. The crosslink 
efficiency is therefore relatively low. The mechanical behavior, however changes significantly 
as evidence for energy dissipation is observed. Future work on this topic should include 
investigation of cargo release from the VLPs inside the PIC network as a response to stress, 
to show that the energy dissipation is indeed a result of capsid rupture. 
In Chapter 6 we attempted to mimic the dynamic behavior observed in e.g. actin gels, by 
physically crosslinking the PIC hydrogels using supramolecular host-guest complexes. 
Although an indication of weak viscoelastic behavior was observed, it remains unclear if this 
observation was correlated to breaking and formation of crosslinks during applied stress. In 
these materials an excess of crosslinker was necessary to sufficiently stabilize the polymer 
network below the LCST, which was probably caused by the formation of a different 
supramolecular complex in which the cyclo-octyne moiety is bound in the host. Further 
research should include a thorough analysis of the binding properties of all guests in the host. 
Additionally, a different, more stable supramolecular complex should be considered to 
prepare a superior crosslinker. Finally, an alternative approach to viscoelastic hydrogels is to 
prepare reversible crosslinks bearing dynamic covalent moieties, e.g. disulfide bonds or 
boronic acid condensation products. 
Any organic molecule, polymer or supramolecular complex, as long as it bears at least two 
aza-dibenzocyclooctyne moieties, can form crosslinks in PIC hydrogels. It is difficult to 
foresee all of the potential properties that these crosslinks may introduce to the material. The 
formation and degradation of crosslinks in semiflexible networks proves significantly more 
complex than in flexible materials, which emphasizes that our understanding of these 
biomimetic networks is still incomplete. The formation of crosslinks inside bundles results in 
stiffer, denser bundles, and subsequent crosslink degradation could be hindered by these 
properties. Also, as the bundle density and stiffness decrease as a result of crosslink cleavage, 
rearrangement of the polymers inside and between bundles might change the bundle 
composition, or more severely the network architecture. The consequences of these processes 
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are difficult to predict, but mainly the mechanical behavior and the degradation rate of 
crosslinked fibrous hydrogels will be affected. This thesis provides some insights into the 
mechanisms and behavior of (degradable) crosslinked PIC networks, and further studies 
should focus on the behavior of these materials on a molecular scale to fully describe all the 
simultaneously occurring processes in these, and other, fibrous (bio)polymer hydrogels. 
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Summary 
Life is literally supported by hydrogels; networks of interconnected polymers that can retain 
large quantities of water. These natural gels provide mechanical stability to cells and tissues. 
They are composed networks of semiflexible fibres with large pores that allow for diffusion 
of small molecules to migration of entire cells. As a result, many synthetic hydrogels have 
been developed over the years. They are easy to make and the properties are readily tailored. 
Their architecture, on the other hand is very different from the biogel: commonly, they are 
composed of relatively dense networks flexible crosslinked single polymer chains, which are 
much less compatible with 3D biological applications. Moreover, these synthetic networks 
rarely show the strain-stiffening behavior that is often found in biological gels. As a direct 
result of their semiflexible network architecture, the latter gels can become many times stiffer 
as a response to an externally applied stress. 
Hydrogels based on polyisocyanides (PICs) combine both characteristics: they are 
synthetic, can be functionalized and tailored, but they also form networks with a fibrous 
architecture and, indeed, they show strain-stiffening behavior. The fibrous or bundled 
network of the PIC is not covalently linked and slowly changes over time. In this thesis, we 
study how to crosslink fibrous hydrogels, without losing their unique mechanical properties 
and how to engineer functionalities into the crosslinks to generate on-demand 
responsiveness. 
In Chapter 1, we review the impact of three main components of biomimetic hydrogels: a 
fibrous network architecture, crosslinks and functional groups that are responsive to external 
cues. We discuss the properties of fibrous gels that are intrinsically different from those of 
flexible hydrogels and how different crosslinking approaches impact the mechanical 
properties.  Additionally, natural hydrogels are prone to continuous degradation and 
reformation, which is often triggered by a change in the environmental conditions. This 
behavior can be mimicked in synthetic materials, for example by introducing functional 
stimulus-responsive or biodegradable groups to the network. We review different 
approaches towards responsive gels that have been developed in the past years.  
In Chapter 2, we describe a method to covalently crosslink PIC networks selectively inside 
the polymer bundles. This approach stabilizes the hydrogel, but does not change its 
architecture. The open porous structure is maintained. Additionally, the method allows us to 
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generate materials with different mechanical properties from the same aqueous solution of 
the two network components, controlled by the thermal history and the nature and 
concentration of the crosslinker.  
An ideal biomaterial, e.g. for in tissue engineering applications, is a hydrogel that facilitates 
cell infiltration and migration by local matrix degradation. In Chapter 3, we propose an 
approach to prepare biodegradable PIC hydrogels by crosslinking the materials with 
protease-cleavable crosslinkers. We show that the hydrogels indeed become partially 
biodegradable, as the macroscopic stiffness decreases significantly when the material is 
exposed to the protease MMP-1. Additionally, we report preliminary data of dendritic cell 
(DC) migration experiments using the biodegradable PIC hydrogels as matrix. The current 
rate of matrix degradation, however, is too low to allow for full matrix migration within the 
life span of the DCs. 
On-demand cleaving using light offers the advantage that it can be used non-invasively 
and with high spatial and temporal precision. In Chapter 4, we describe a method to prepare 
photocleavable PIC hydrogels by crosslinking the fibrous networks with photocleavable 
crosslinkers. Materials crosslinked with a UV-cleavable crosslinker were partially degraded 
by exposure to intermittent or constant low-intensity UV light. A simultaneous stiffening 
response, however was also observed during irradiation, which was probably caused by local 
sample heating and UV-initiated side reactions. A second approach towards a NIR-cleavable 
crosslinker is also proposed, and the partial synthesis of that crosslinker is reported. 
In Chapter 5, we crosslinked the PIC networks with cowpea chlorotic mottle virus 
(CCMV) capsids. The virus-like particles form supramolecular crosslinking nodes, and we 
show that by changing the degree of functionalization and the concentration of the capsids, 
the mechanical behavior of the hydrogel can be tuned. Additionally, we found that the virus 
capsids deteriorate w, hen the materials are exposed to high stresses, which creates a 
mechanical energy dissipation pathway, comparable to the high stress response of fibrin 
networks. A subsequent thermal treatment initiates crosslinking at the damaged site, 
resulting in significantly stiffer hydrogels. 
In Chapter 6, we study the viscoelastic properties of PIC hydrogels after introducing 
physical crosslinks using supramolecular chemistry. The selected approach based on host-
guest cucurbituril chemistry suffered from competing binding events, which made it difficult 
to optimize and quantify the interactions. Although indications of viscoelastic behavior are 
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observed in the physically crosslinked gels, it is unclear if the observed relaxation behavior 
is correlated to dynamics in the polymer network.  
Finally, in Chapter 7, we discuss the benefits of intra-fibrillar crosslinks in fibrous 
networks, and review the different strategies we explored to introduce stimulus-
responsiveness into the PIC hydrogels. 
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Samenvatting 
Natuurlijk leven wordt letterlijk ondersteund door hydrogels; netwerken van onderling 
verbonden polymeren die grote hoeveelheden water kunnen vasthouden. Natuurlijke 
hydrogels geven cellen en weefsels hun mechanische stabiliteit. De netwerken zijn 
opgebouwd uit semiflexibele bundels met grote poriën, die diffusie mogelijk maken voor 
kleine moleculen en soms zelfs voor gehele cellen. Er zijn vele synthetische hydrogels 
ontwikkeld over de jaren. Deze materialen zijn gemakkelijk te prepareren, en de 
(mechanische) eigenschappen kunnen eenvoudig worden gemanipuleerd. De architectuur, 
daarentegen verschilt enorm van de biogel: over het algemeen zijn synthetische gels 
netwerken met een hoge dichtheid, bestaande uit gecrosslinkte enkelvoudige flexibele 
polymeerketens. Deze materialen zijn veel minder geschikt voor driedimensionale 
biologische applicaties. Bovendien vertonen deze materialen vrijwel nooit 
vervormingsverstijving, wat in biologische gels regelmatig voorkomt. Deze mechanische 
eigenschap is direct gerelateerd aan de gebundelde architectuur van biologische netwerken, 
die vele malen stijver kunnen worden als ze worden vervormd. 
Hydrogels gebaseerd op polyisocyanides (PICs) combineren eigenschappen van artificiële 
en biologische gels: ze zijn synthetisch en kunnen worden gefunctionaliseerd en 
gemanipuleerd, en ze vormen netwerken met een gebundelde architectuur die inderdaad 
vervormingsverstijving vertonen. Het gebundelde netwerk van de PIC is niet covalent 
verbonden en verandert langzaam. In dit proefschrift onderzoeken wij hoe de 
netwerkstructuur gecrosslinkt kan worden zonder de unieke mechanische eigenschappen te 
verliezen, en hoe functionele groepen kunnen worden ingebouwd in de crosslinker 
moleculen om on-demand responsiviteit te introduceren. 
In Hoofdstuk 1 bespreken we de impact van de drie belangrijkste componenten van een 
biomimetische hydrogel: Een gebundelde netwerkarchitectuur, crosslinks en functionele 
groepen die reageren op externe signalen. We bespreken de eigenschappen van gebundelde 
(bio)gels die intrinsiek verschillen van de kenmerken van flexibele hydrogels, en we 
vergelijken hoe verschillende crosslink-strategiën de mechanische eigenschappen 
beïnvloeden. Bovendien zijn natuurlijke hydrogels onderhevig aan continue veranderingen. 
De netwerken kunnen worden opgebouwd en afgebroken wanneer dat gewenst is, vaak 
getriggerd door een verandering in de omgeving. Dit gedrag kan worden gereproduceerd in 
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synthetische materialen door functionele groepen, zoals bijvoorbeeld stimulus-responsieve 
of biodegradeerbare moleculen, in te bouwen in het netwerk. We bespreken verschillende 
strategiën voor de preparatie van responsieve gels die de afgelopen jaren zijn ontwikkeld. 
In Hoofdstuk 2 van dit proefschrift beschrijven we een methode voor het covalent 
crosslinken van PIC netwerken, selectief binnenin de bundels. Met deze strategie wordt de 
hydrogel gestabiliseerd, maar de architectuur blijft onveranderd. De open poreuze structuur 
blijft behouden. Met deze aanpak kunnen we materialen maken met verschillende 
mechanische eigenschappen van dezelfde waterige oplossing van de twee 
netwerkcomponenten, gestuurd met de thermische geschiedenis, en met de concentratie en 
het formaat van de crosslinker. 
Een ideaal biomateriaal, bijvoorbeeld voor gebruik in tissue engineering toepassingen, is 
een hydrogel die cel-infiltratie en -migratie ondersteunt door lokale netwerkdegradatie. In 
Hoofdstuk 3 beschrijven we een strategie om biodegradeerbare PIC hydrogels te prepareren 
door de materialen te crosslinken met crosslinkers die geknipt kunnen worden door 
proteases. We laten zien dat de hydrogels inderdaad gedeeltelijk biodegradeerbaar worden, 
en dat de macroscopische stijfheid van de materialen significant afneemt wanneer de 
protease MMP-1 wordt toegevoegd aan de gel. Bovendien rapporteren we preliminaire data 
van migratie-experimenten met dendritische cellen (DCs), waar de biodegradeerbare PIC 
hydrogels als matrix zijn gebruikt. De degradatiesnelheid is echter niet hoog genoeg, 
waardoor volledige matrix migratie binnen de levensduur van de DCs nog niet behaald is. 
On-demand degradatie met licht heeft als voordeel dat het non-invasief en met hoge 
precisie gebruikt kan worden. In Hoofdstuk 4 beschrijven we een strategie om degradeerbare 
PIC hydrogels te maken door de materialen te crosslinken met crosslinkers die degraderen 
onder invloed van licht. De materialen die gecrosslinkt zijn met een UV-degradeerbare 
crosslinker worden gedeeltelijk afgebroken onder invloed van UV-licht van lage intensiteit. 
De belichting met UV-licht zorgt echter ook voor andere processen die leiden tot een 
irreversibele verstijving van het materiaal. Een tweede methode wordt ook besproken, 
waarin gebruik wordt gemaakt van een crosslinker die degradeert onder invloed van nabij-
infrarood licht. De gedeeltelijke synthese van deze crosslinker is beschreven. 
In Hoofdstuk 5 crosslinken we de PIC hydrogels met cowpea chlorotic mottle virus 
(CCMV) capsides. De virus capsides vormen supramoleculaire crosslinks, en we laten zien 
dat we de mechanische eigenschappen van de gecrosslinkte hydrogel kunnen aanpassen 
164 | Samenvatting 
 
door de functionaliteit en concentratie van de virusdeeltjes te variëren. Ook demonstreren 
we dat de virusdeeltjes degraderen als de materialen worden blootgesteld aan hoge stress. 
Deze energie-dissipatie is vergelijkbaar met de respons op grote krachten in fibrine-
netwerken. Een opvolgende thermische behandeling biedt de mogelijkheid tot de formatie 
van nieuwe crosslinks op de plaats van beschadiging, en resulteert in een significant stijvere 
hydrogel. 
In Hoofdstuk 6 van dit proefschrift bestuderen we de viscoelastische eigenschappen van 
PIC hydrogels na de introductie van fysieke crosslinks met behulp van supramoleculaire 
chemie. De crosslinkformatie, gebaseerd op host-guest cucurbituril chemie, werd echter 
gehinderd door competitieve bindingen, die de optimalisatie en kwantificatie van de 
interacties bemoeilijkten. Een indicatie van viscoelastisch gedrag werd geobserveerd, maar 
het is niet duidelijk of het geobserveerde relaxatie-gedrag gerelateerd is aan de dynamica in 
het polymeernetwerk. 
Ten slotte, in Hoofdstuk 7, behandelen we de voordelen van intra-bundel crosslinks in 
gebundelde netwerken. Daarnaast bediscussiëren we onze verschillende strategieën voor de 
introductie van mechanische functionaliteit in PIC hydrogels. 
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Dankwoord 
Tijdens een PhD heb je zeeën van tijd om een onderzoek te bedenken, uit te voeren en 
vervolgens op een begrijpelijke manier op te schrijven. De eerste 3 jaar denk je dat je nog alle 
tijd van de wereld hebt, maar als je aan het 4e jaar begint de tijd ineens te dringen om een 
proefschrift af te gaan leveren. Dat is gelukt, en je hebt het resultaat in handen. Ik heb enorm 
genoten van mijn promotie, en de 4 jaar zijn voorbij gevlogen. Dit is natuurlijk vooral te 
danken aan alle fantastische vrienden, collega’s en familie die de afgelopen jaren bij mijn 
promotie betrokken zijn geweest, en die wil ik op de laatste pagina’s van mijn proefschrift 
daar uitgebreid voor bedanken.  
 
Na het afronden van mijn Master was het voor mij duidelijk: Ik wilde heel graag verder met 
chemisch onderzoek door een PhD te doen. Hiervoor heb ik aangeklopt bij de professor die 
ook mijn bachelorstage en één van mijn masterstages heeft begeleid. Alan, jij was meteen 
enthousiast, en hebt via het Zwaartekracht-programma mij een PhD aangeboden. Ik wil je 
graag bedanken voor deze mogelijkheid, en voor het vertrouwen dat je in mij had. Ik kijk met 
veel plezier terug naar alle meetings die we gehad hebben, waarin jij je meest fantastische 
ideeën spuide en mij altijd wist te enthousiasmeren. Waar mijn onderzoek in het begin niet 
goed op gang kwam, heb jij mij overtuigd om mijn eigen pad te nemen en zo een gaaf project 
op te zetten. Ik wens je alle goeds in Australië. 
 
Uiteraard wil ik ook graag mijn copromotor Paul Kouwer bedanken voor alle hulp, feedback, 
discussies, gezelligheid, interesse en ideeën. Ik heb onze samenwerking altijd heel fijn 
gevonden, zowel op persoonlijk als wetenschappelijk vlak. Ik kon altijd bij je binnenvallen 
met een idee, een probleem of een interessant resultaat. Je gaf me alle ruimte om mijn eigen 
onderzoek uit te voeren en mijn resultaten te interpreteren, en ik heb daar ontzettend veel 
van geleerd. Ook heb je me gemotiveerd om verder te kijken dan mijn eigen onderzoek en 
me te verbreden. De barbecues in jouw achtertuin in Malden zijn legendarisch, en waren 
altijd een mooie afsluiter van de groepsuitjes. Uiteraard wil ik je ook hartelijk bedanken voor 
het enorm snelle nakijken en corrigeren van al mijn hoofdstukken. Ik hoorde dat je tijdens 
een conferentie in Wenen bij het ontbijt in het hotel om half 8 ’s morgens al aan het strepen 
was in de introductie, en dat stel ik natuurlijk enorm op prijs. Je feedback was altijd duidelijk 
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en goed toepasbaar, en zonder jouw hulp was het nooit gelukt om het proefschrift af te 
ronden binnen 4 jaar. Ik wens je alle succes en goeds toe met je toekomstige onderzoek en we 
houden contact! 
 
Ik wil ook graag mijn manuscriptcommissie; Roeland Nolte, Rint Sijbesma en Jasper van der 
Gucht, hartelijk bedanken voor het kritisch lezen van dit proefschrift. 
 
Een PhD doe je niet in je eentje, en gelukkig heb ook ik de leuke en leerzame ervaring gehad 
om studenten te mogen begeleiden tijdens hun onderzoeksstages. Jesper, jij ging de uitdaging 
aan om in mijn eerste jaar een project te doen bij mij, en dat heb je heel goed gedaan. Vincent, 
jij bent verdergegaan waar Jesper stopte, en je hebt het onderzoek ook goed afgerond. Ik wil 
jullie graag bedanken voor de vele leerzame momenten, zowel over het begeleiden van 
studenten als over het onderzoek. Daar heb ik de rest van mijn promotie veel plezier van 
gehad. Ondanks dat jullie resultaten uiteindelijk niet zijn verwerkt in mijn proefschrift, wil 
ik jullie toch hartelijk bedanken voor jullie inzet! Martin, jij bent begonnen als 
bachelorstudent in een samenwerkingsproject met Lise. Na je bachelorstage waren we zo 
tevreden dat we je vroegen om terug te komen voor een masterstage, een uitdaging die jij 
maar al te graag aannam. Die stage was zeer succesvol, en de resultaten ervan zijn dit jaar 
gepubliceerd in Soft Matter! Ook vind je ze terug in hoofdstuk 5 van dit proefschrift. Hartelijk 
bedankt voor je bijdrage, de gezelligheid en de lekkere baksels! Noël, jou wil ik bedanken 
voor al je inzet voor het (toch wel heel erg) moeilijke project over de viscoelastische 
hydrogels. Je hebt veel tegenslagen gekend, maar dat heeft je er niet van weerhouden om 
door te gaan, keihard te werken en interessante resultaten te behalen. Dat vind ik erg knap, 
en je vindt jouw resultaten terug in hoofdstuk 6. And, last but not least, Agnes. Your stay 
with us was only short, but you have managed to impress me (and others) with your can-do 
attitude and your positivism. I have continued with your project myself, and you can find 
the results in Chapter 4. Thank you very much for your contribution! 
 
Natuurlijk wil ik ook alle mensen met wie ik heb samengewerkt tijdens mijn promotie 
hartelijk bedanken voor de fijne en vruchtbare samenwerkingen. Lise, ons gezamenlijke 
project heeft een hoop tijd en energie gekost, maar het eindproduct was het zeker waard! 
Hartelijk dank voor je inzet en je onuitputtelijke energie, en natuurlijk voor je werk als 
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medebegeleider van Martin. Ik wens je veel succes en plezier met je nieuwe baan als klinisch 
chemicus! Graag wil ik ook Jan van Hest en Roeland Nolte bedanken voor de interesse en de 
vele interessante discussies over dit project. Jorieke, ik heb onze samenwerking als zeer 
prettig ervaren, bedankt voor het vertrouwen in ons gezamenlijke project waarvan we de 
tijdsplanning toch iets te optimistisch hadden ingeschat. Hartelijk bedankt voor alle energie 
en tijd die je er in hebt gestoken, en ik wens je heel veel succes met het afronden van je eigen 
proefschrift. De resultaten van onze samenwerking staan beschreven in hoofdstuk 3. I would 
like to thank the staff of the DUBBLE beamline at the ESRF in Grenoble. In particular, I want 
to thank Daniel Hermida Merino for the practical support with the SAXS measurements at 
the ESRF. I would also like to thank Giuseppe Portale for the help with the interpretation of 
the data, and for allowing me to do more SAXS experiments using his setup at the University 
of Groningen. 
 
Ik wil ook alle technici bedanken voor hun onuitputtelijke inzet om alle apparaten in werking 
te houden en om alle logistiek mogelijk te maken. Theo, hartelijk bedankt voor de 
gezelligheid en voor de hulp bij alle verbouwingen aan de rheometers. Paul S. en Paul W., 
van harte bedankt voor alle hulp met de NMR. Paul W., thank you a lot for helping me with 
the interpretation of my NMR spectra. Verder wil ik ook Ad, Helene, Jan en Peter bedanken. 
Tenslotte natuurlijk Paula, bedankt voor het regelen van alle afspraken en meetings, dat is 
met onze (ex-)baas natuurlijk een hele taak. 
 
Tijdens mijn promotie heb ik ruim 230 km gelopen om koffie te drinken, te lunchen en te 
borrelen, omdat Hans, Kathleen, Joris, Luuk, Onno, Arjan, Johan, Femke, Stijn, Mathijs, 
Fabian, Eline, Ingrid, Bram, Toine, Floor, Pascale, Roel, Maurice, Tim, Dion, Rens en nog vele 
anderen daar altijd bij waren. Ik wil jullie, en allen die ik vergeten ben te noemen, hartelijk 
bedanken voor alle gezelligheid, ongepastheid, foute opmerkingen en nuttige discussies. 
Zonder jullie zou mijn PhD een stuk minder leuk geweest zijn. Ook wil ik graag Roel H. 
bedanken voor alle discussies die we gehad hebben over mijn onderzoek. Natuurlijk wil ik 
ook alle collega’s in vleugel 8 bedanken: Pim, Maarten, Loai, Joan, Paula, Kaizheng (Max), 
Marlies, Alaa, Ying, Hongbo, Wen, Bao, Fei, Yingfeng, Shauni, Jelle, Sjoerd, Moti, Isa, Jiawei, 
Toni, en alle anderen. Bedankt voor de gezellige werksfeer en de leuke tijd! 
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Natuurlijk wil ik ook mijn vrienden bedanken voor alle gezelligheid en de nodige afleiding 
van het promotie-onderzoek. De gezellige avondjes uit, spelletjesavonden, en natuurlijk de 
Weekendjes Weg vond ik fantastisch! Lieve Peter, Shane, Pjotr, Lianne, Leoni, Ian, Bastiaan, 
Anneloes en Frank, wat fijn dat jullie er altijd voor elkaar zijn, in goede en slechte tijden. Ze 
zeggen dat vrienden die je (minstens) 7 jaar kent voor altijd in je leven blijven, en wat mij 
betreft veranderen wij daar niks aan! Bastiaan en Lianne, ik vind het geweldig dat jullie mijn 
paranimfen willen zijn! 
 
Naast alle vrienden en collega’s wil ik natuurlijk ook mijn familie bedanken. Lieve papa en 
mama, jullie staan altijd voor mij klaar en hebben mij altijd gestimuleerd om verder te gaan 
met onderzoek en studie. Heel erg bedankt voor alle liefde en steun, en natuurlijk voor de 
gezelligheid! Natuurlijk wil ik ook mijn broers Bart en Gert-Jan, en mijn zus Leonie, en hun 
partners Cerunne, Karlijn en Lars bedanken voor hun interesse en alle gezelligheid. Lieve 
opa en oma, zoals jullie vast is opgevallen heb ik dit proefschrift aan jullie opgedragen. Ik 
vind het fantastisch dat jullie er altijd voor mij zijn, en dat jullie zo geïnteresseerd zijn in mijn 
leven. Bedankt voor alles! 
 
Lieve Rebecca, toen ik je leerde kennen was ik net begonnen aan mijn promotie en jij aan je 
studie. Inmiddels zijn we 4 jaar verder, en ben je nog steeds mijn lieve vriendin. Jij bent recent 
afgestudeerd, dus nu kunnen we samen de wijde wereld in! Bedankt voor alle mooie 
momenten samen, en bedankt dat jij er altijd voor mij bent. Ik hou van jou! 
 
Daniël 
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